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Abstract 
Surface plasmon polaritons (SPPs) are hybridized quasiparticles of photons and electron 
density waves. They are confined to propagate along metal-dielectric interfaces, and 
decay exponentially along the direction perpendicular to the interfaces. In the past two 
decades, SPPs have drawn intensive attention and undergone rapid development due to 
their potential for application in a vast range of fields, including but not limited to 
subwavelength imaging, biochemical/biomedical sensing, enhanced light trapping for 
solar cells, and plasmonic logic gates. These applications utilize the following intrinsic 
properties of SPPs: (1) the wavelength of SPPs is shorter (and can be much shorter) than 
that of free photons with the same frequency; (2) the local electric field intensity 
associated with SPPs can be orders of magnitude larger than that of free photons; and (3) 
SPPs are bound to metal surfaces, and are thus easily modulated by the geometry of those 
surfaces. Here, we present studies on SPPs along metal surfaces with novel structures, 
including the following:  (1) SPP standing waves formed along circular metal surfaces 
that lead to a “plasmonic halo” effect; (2) directional reflectionless conversion between 
free photons and SPPs in asymmetric metal-insulator-metal arrays; and (3) broadband 
absorbance enhancement of embedded metallic nanopatterns in a photovoltaic absorber 
layer. These works may prove useful for new schemes for SPP generation, plasmon-
photon modulation, ultrasensitive dielectric/bio sensing, and high efficiency thin film 
solar cells.  
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Chapter I. Introduction 
1.1 Brief introduction to surface plasmon polaritons 
Surface plasmon polaritons (SPPs) are two-dimensional (2D) electron density oscillations 
along a metal/dielectric interface resulting from an interaction between free photons in 
the dielectric and free electrons in the metal [1]. SPPs decay exponentially with distance 
in both directions away from the interface, but propagate along the interface, being 
subject to Ohmic and radiation losses [2]. SPPs were first discovered in the 1950s by 
Ritchie, when bombarding Al thin films with energetic electron beams [3,4]. Since their 
discovery, SPPs have found a broad range of applications, such as waveguiding [2], light 
trapping for photovoltaic solar cells [5-9], surface-enhanced Raman scattering (SERS) 
[10,11], plasmon rulers [11], localized surface plasmon resonance bio/chemical sensing 
[11,12], and plasmonic circuits [13], among many others [14]. A more recent observation 
by Ebbesen et al. of extraordinary optical transmission through sub-wavelength hole 
arrays has spawned another outburst of interests in SPPs [15]. Accompanying the still-
growing number of applications of SPPs is an increased understanding of their underlying 
physics.  Spatial mapping techniques of SPPs are playing a major role in in-depth 
investigations of SPP properties [16,17]. Due to the hybrid optical-electronic nature of 
SPPs, they can be excited by either photons or electrons. This fact has led to two 
branches of spatial mapping techniques, namely, optical mapping and electrical mapping. 
Due to the high propagation velocities of SPPs relative to the speed of existing spatial 
mapping techniques, standing wave patterns (e.g. 2D cavity modes) of SPPs need to be 
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established in order to capture or image their wave nature. Thus, optical and electrical 
mappings of SPP cavity modes have become the standard techniques for SPP 
investigations [18]. 
In this thesis, I present studies on (1) spatial mapping of SPP cavity modes within circular 
cavities, (2) directional high-efficiency SPP generation in symmetry-broken structures, 
and (3) application of metallic nanopatterns embedded into photovoltaic absorbers as a 
general scheme in broadband optical absorption enhancement. 
 
1.2 Brief introduction to relevant fabrication techniques 
In this section, I will briefly summarize the main fabrication techniques employed. The 
inclusion of sections 1.2 and 1.3 are for completeness of the thesis. Readers are 
encouraged to jump ahead if not interested and can reference these two sections when 
questions arise about the fabrication details of the work. Detailed descriptions of each 
technique are beyond the scope of this thesis. Instead, fundamental principles and 
working conditions of each fabrication technique will be presented. 
 
1.2.1 Physical vapor depositions (PVD) 
PVD encompasses a variety of thin-film (usually below 0.5 µm thickness) deposition 
techniques by condensing vapors of target materials (metals and dielectrics) onto various 
sample surfaces. A high vacuum (~10-5 Pa) environment is required for good quality 
3 
films. Variants of PVD include, according to the generation methods of the vapors, 
cathodic arc deposition, electron beam evaporation deposition, pulsed laser deposition, 
sputter deposition and thermal evaporation deposition. For a detailed discussion of 
various PVD methods, please refer to Ref. [19]. In this thesis, electron beam evaporation 
was used to deposit Ag, Au, Al, Ti, SiO2, and MgF2; thermal evaporation was used to 
deposit Ag and MgF2; sputter deposition is used to coat Ag, Au, Al, Ti, SiO2, and Si3N4. 
Electron beam evaporation and thermal evaporation have strong directionality, leading to 
an obvious shading effect that is favorable for certain pattern-defining methods. Sputter 
deposition is quasidirectional, capable of partially coating the vertical walls of samples, 
for example. The formation of the “step gap” structures in Chapter II utilizes this 
property of sputter deposition. 
 
1.2.2 Chemical vapor depositions (CVD) 
CVD is a chemical process for the production of high-purity solid films. In typical CVD, 
the wafer (substrate) is exposed to one or more volatile precursors, which react and/or 
decompose on the substrate surface to produce the desired deposit. Frequently, volatile 
by-products are also produced, which are removed by gas flow through the reaction 
chamber. We used plasma-enhanced CVD (PECVD) to deposit a-Si in Chapter VI. 
Atomic layer deposition (ALD) can be regarded as a special type of CVD, in which the 
reaction between precursors is self-limiting. ALD is able to coat one atomic layer of 
material at a time conformally onto the substrate. We used ALD to deposit the Al2O3 
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layer in Chapter III. For a detailed description of various CVD techniques, please refer to 
Ref. [20] and references there in. 
 
1.2.3 Pattern forming techniques 
The two types of pattern forming techniques used in this thesis are electron-beam 
lithography (EBL), and nano-sphere lithography (NSL). EBL is a process of scanning a 
focused electron beam to draw custom shapes on a surface covered with an electron 
sensitive film (e-beam resist). The employed EBL system is a Nanometer Pattern 
Generation System (NPGS) integrated with a JEOL SEM system. The e-beam resist used 
is poly (methyl methacrylate) (PMMA). After exposing in e-beam with proper dosage 
followed by a 2 min development in methyl isobutyl ketone (MIBK) : isopropyl alcohol 
(IPA) = 1:3 developer, the designed pattern is written onto the PMMA-coated substrate. 
To determine the proper dosage, a dose test is needed for a new type of substrate. 
Usually, for fixed PMMA thickness, proper dosages are higher (e.g., 450 µC/cm2) for 
conducting substrate, and lower for non-conducting substrate (e.g., 350 µC/cm2). For 
thicker PMMA layer, proper dosage is higher than thinner PMMA layer. The written 
PMMA is used as a mask in the following PVD process, and then removed by 1165 
remover in the lift-off process. The lift-off process is not always necessary. For example, 
in the step gap structure used in Chapter II, the PMMA layer served as a structural 
supporting layer in the final device. The feature resolution limit of EBL is limited by 
multiple factors, including beam sizes, beam aberrations, space charging, and forward 
scattering (effective beam broadening). Under fine focusing of the e-beam, working 
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distance of 6 mm, probe current setting = 2, fine-tuned dosage, and writing on a PMMA 
layer ~100 nm thick, we were able to obtain a resolution of ~10 nm, for the samples 
shown in Chapter III. In contrast to the versatile EBL technique, NSL can only generate 
nanopatterns with certain patterns, such as hexagonal close-packed (hcp), but has the 
strengths of scalability and high throughput [21]. NSL is a process of using self-
assembled building blocks, such as polystyrene (PS) latex nanospheres, as a mask for 
subsequent depositions. The shape of vacancies between the nanospheres is thus 
transferred onto the substrate. The transferred pattern can be tuned by shrinking the size 
of the fixed nanospheres on the substrate via dry etching (ICP etching). One example of 
the patterns chosen in Chapter VI is fabricated by NSL, with 500 nm PS nanospheres. 
 
1.3 Relevant measurement techniques 
In the same manner as the previous section, I will present here a brief introduction to 
relevant measurement techniques, including optical microscopy, integrating sphere, near-
field scanning optical microscopy (NSOM), scanning electron microscopy (SEM), 
tunneling electron microscopy (TEM), focused ion beam (FIB), and atomic force 
microscopy (AFM), with emphasis given to the NSOM. 
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Figure 1.1 | Apparatus for measuring 0th order reflectance and transmittance. Fiber is placed against 
sample over area to be measured. 
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1.3.1 Optical microscopy 
Optical microscopy is the most common technique for quick observations of samples 
with micro- or nano-sized features. A through introduction of this technique can be easily 
found on Wiki, and will be skipped here. The optical microscope used in this work is 
Leica DM6000M. For sample image taking, 20× or 50× lenses are usually used, with a 
bright field illumination scheme. For the calibration of absolute reflectance of micron-
sized (on the order of 10 m2) samples under normal incidence, a modified illumination 
scheme (critical illumination) with restricted light source was used, as described in detail 
in Section 3.2. For the measurement of 0th order reflectance/transmittance of a larger 
sample size (on the order of 1 mm2), a simple light path constructed by a bisected optical 
fiber was used (Figure 1.1). To measure the reflectance averaged over 2 incident angle 
of a sample, an integrating sphere can be used. The ISP-REF Integrating Sphere from 
Ocean Optics was used in this work. These two techniques are used in Chapter IV to 
obtain the total absorbance of the samples. 
 
1.3.2 Near-field scanning optical microscopy (NSOM)  
NSOM is a powerful technique to investigate SPPs along a metal-air interface, due to its 
sub-diffraction limited spatial resolution [22]. The acronym NSOM was proposed by 
Lewis [23], but the technique is also called scanning near-field optical microscopy 
(SNOM) [24]. When working in so-called collection mode, with SPPs excited by the 
Kreschtmann configuration, NSOM is also referred to as photon scanning tunneling 
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microscopy (PSTM) [25]. The latter term emphasizes the similarity with the electron 
scanning tunneling microscope (STM) [26], though no quantum tunneling actually occurs 
in PSTM. A comprehensive review of the different existing near field configurations can 
be found in books by Novotny [16] and Courjon [27]. 
In a typical NSOM measurement, a sharp optical probe (with or without an aperture) is 
first brought into close proximity with a metal sample surface, then raster scanned across 
the surface while keeping a constant distance (usually below 100 nm) to map out the 
local electric field intensity over the scanned area. Typical NSOM scans therefore map 
out the local electric field intensity distribution.  Recent work by Denkova et al. also 
demonstrated the mapping of magnetic near field distributions, via plasmonic 
nanoantennas by an aperture-less probe [28]. 
The probe-sample distance is a key factor in near field microscopy [29]. Probe-sample 
distance is controlled by a feedback system based on interaction forces normal and/or 
lateral to the sample surface, borrowing from now standard atomic force microscopy 
(AFM) techniques [16]. Unlike most commercial AFMs, NSOM generally cannot 
introduce an optical auxiliary feedback mechanism, due to its sensitivity to environmental 
illumination. Mechanical feedback methods for NSOM include the shear-force methods 
[30] and the piezoelectric force detection by quartz tuning fork techniques [31]. In both 
cases, the probe is excited at its mechanical resonance frequency and caused to approach 
the sample surface. When the lateral/normal force between the probe and the sample 
surface is large enough to be sensed, an abrupt change in the amplitude or phase of 
oscillation of the probe serves as a good reference for subsequent control of the probe-
9 
sample distance [32]. A more detailed summary of the feedback methods is given in the 
book by Novotny [16].  
The most common NSOM probes are uncoated fiber probes [33], aperture probes [27], 
sharp-tipped metal probes [34] and metallic nanoparticle probes [35]. The optical fiber 
probes are usually fabricated by heating and pulling [36] or chemical etching [37]  optical 
fibers. Metallic probes are usually chemically etched using techniques taken from the 
STM field [38]. The optical resolution of NSOM can beat the diffraction limit of light 
being, in principle, restricted only by the physical dimensions of the probe end [29]. 
Uncoated optical fiber probes can be made to 80 nm in diameter [39], and aperture probes 
typically have 40 nm-diameter aperture sizes [29]. Some reports showed that the 
resolution can be as high as 15 nm in the case of metallic probes [40].  
Conventional SPP excitation schemes for NSOM measurements include prism coupling 
(Kreschtmann configuration) [25], grating coupling [41], NSOM probe coupling [42], 
and interactions between a metallic probe and a sample [40]. Due to the slow scanning 
speed of NSOM, to capture the wave nature of SPPs along a metal surface, one needs to 
find ways to create SPP cavity modes [43-45], also called SPP standing waves. Otherwise, 
the detected signal will be smoothed out by time averaging the fast-propagating SPPs. In 
many cases, obtaining an NSOM scan of the SPP cavity modes can serve as direct proof 
of the existence of SPPs in the studied system. The NSOM system we used in this work is 
Nanonics MultiView 4000. We used NSOM to study the “plasmonic halo” effect in 
Chapter II. 
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1.3.3 Scanning electron microscopy (SEM)  
SEM is a type of electron microscope that produces images of a sample by scanning it 
with a focused beam of electrons. The electrons interact with atoms in the sample, 
producing various signals that can be detected and that contain information about the 
sample's surface topography and composition. The electron beam is generally scanned in 
a raster scan pattern, and the beam's position is combined with the detected signal to 
produce an image. SEM can achieve resolution better than 1 nm, thanks to the much 
smaller de Broglie wavelength λ = h/p of energetic electrons than optical photons. Here h 
is Plank’s constant, and p is the momentum of an electron. The acceleration voltage of an 
electron controls its momentum, and thus its wavelength. Specimens can be observed in 
high vacuum, in low vacuum, and (in environmental SEM) in wet conditions. The SEM 
used in this work was the JEOL JSM-7001F. This SEM system is also integrated with the 
NPGS system to do EBL, as described in a previous section. 
 
1.3.4 Transmission electron microscopy (TEM)  
TEM is a microscopy technique in which a beam of electrons is transmitted through an 
ultra-thin specimen, interacting with the specimen as it passes through. An image is 
formed from the interaction of the electrons transmitted through the specimen; the image 
is magnified and focused onto an imaging device, such as a fluorescent screen, on a layer 
of photographic film, or to be detected by a sensor such as a CCD camera. TEM is used 
11 
to observe the Al nanowires grown in a stress induced way, as detailed in the Appendix. 
The used TEM system was the JEOL 2010F. 
 
1.3.5 Focused ion beam (FIB)  
A FIB resembles an SEM. However, while the SEM uses a focused beam of electrons to 
image the sample in the chamber, an FIB setup uses a focused beam of ions instead. Due 
to the much larger momentum of the ions than the electrons, FIB can also be used do 
milling of samples, to create cross sections of samples, and to create thin slice of samples 
for TEM purposes. The FIB we used in this work was the JEOL JIB-4500. We used it to 
create cross sections of samples in Chapter IV. 
 
1.3.6 Atomic force microscopy (AFM)  
AFM or scanning force microscopy (SFM) is a very high-resolution type of scanning 
probe microscopy, with demonstrated resolution on the order of fractions of a nanometer, 
more than 1000 times better than the optical diffraction limit. For a more detailed 
introduction of this technique, please refer to Wiki. We used a Park XE-70 System AFM 
to measure the roughness of the sputtered Ag surface for the “plasmonic halo” sample in 
Chapter II. 
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1.4 Organization of this thesis 
In Chapter II, we will talk about the formation of SPP standing waves along confined 2D 
metal surfaces, and present a detailed study of the SPP drumhead modes within a circular 
2D cavity surrounded by step gaps. The SPP drumhead modes will be shown to generate 
interesting optical phenomena, such as “plasmonics halos” and “reverse halos”. In 
Chapter III, we will focus on the effects of the symmetry properties of the metal surface 
structures to the established SPPs. We will show both experimentally and theoretically 
that symmetry-broken metal insulator metal structures can lead to directional coupling of 
SPPs under normal incidence. These propagating SPPs can interact with the localized 
modes, yielding reflectionless conversion between free photons and confined SPPs with 
ultrahigh quality factors. In Chapter IV, we will discuss SPPs formed in within lossy 
dielectrics, and the related practical application of enhancing optical absorption in 
photovoltaic (PV) absorbers by embedded metallic nanopatterns (EMNs) within the PV 
layers. We will present experimental and theoretical evidence to show the existence of an 
optimum inclusion position of the EMNs within the PV layers for maximum absorbance. 
We will use an impedance matching model to understand the broadband enhancement 
behavior of the EMN scheme. We will briefly summarize the body of work in Chapter V. 
In the Appendix, we will attach some of my unpublished works on stress induced growth 
of aluminum nanowires, and their potential applications in 1D SPP manipulations. 
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Chapter II. SPPs on confined 2D metal surfaces 
2.1 Excitation schemes of SPPs 
SPPs are hybridized quasi-particles resulting from the interaction between free photons 
and surface plasmons. One typical dispersion relation for SPPs is shown in Figure 2.1 
(red line). SPPs cannot be excited directly by injecting photons on a perfectly flat 
metal/dielectric interface, due to a momentum mismatch between SPPs and freely-
propagating photons [22], as illustrated in Figure 2.1. Since the early 20th century, 
various methods have been developed to compensate for this mismatch in order to 
achieve phase-matching, in the language of optics [46]. 
 
2.1.1 Prism coupling 
Prism coupling provides phase-matching by sending light into a medium with refractive 
index high relative to air or free space (e.g. a glass prism) before engaging the metal/air 
interface, as shown in Figure 2.2 (a). This scheme is also called attenuated total internal 
reflection. In 1968, Kretschmann [47] and Otto [48] demonstrated their own prism 
coupling schemes, which are now widely used in optical SPP generation, and SPP-based 
biosensing [12]. Figure 2.2 (a) shows the Kretschmann scheme on the left, and the Otto 
scheme on the right. The advantage of the prism coupling technique is that it can achieve 
very high coupling efficiency between photons and SPPs. The drawback is that it is not 
easy to achieve local SPP excitation by this technique.  
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Figure 2.1 | Schematic dispersion relation for surface plasmon polaritons (SPPs). 
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Figure 2.2 | Schematic diagrams illustrating optical excitation schemes for SPPs. (a) Prism coupling 
schemes, with Kretschmann configuration on the left and Otto configuration on the right. (b) Grating 
coupling scheme. (c) Highly focused beam coupling scheme. (d) Near-field coupling scheme. (e) End-fire 
coupling scheme. (f) Step-gap leakage coupling scheme. Adopted with permission from Ref. [46]. 
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2.1.2 Grating coupling 
Another route to achieve phase-matching is by gratings on metal surfaces. For a 1D 
grating with periodicity a, the reciprocal vector G = 2/a provides the needed momentum 
for SPP launching, as sketched in Figure 2.2(b). The pioneering work of Ebbesen et al. of 
extraordinary optical transmission through subwavelength hole arrays [15] can actually 
be explained by the excitation of SPPs on the periodic arrays [49]. Devaux et al. used 2D 
subwavelength holes on a metal film for SPP generation and detection [50]. Gratings can 
also be used as out-couplers for SPPs to freely-propagating photons. Park et al. have 
shown out-coupling of SPPs to photons using a dielectric grating with few-nanometer 
depth, with an efficiency of about 50% [52]. Radko et al. systematically studied the 
efficiency of local SPP excitation on 1D periodic ridges [53]. Compared to prism 
coupling, the grating coupling scheme allows one to define a much better confined region 
as the SPP source. However, it is still not sufficiently focused for many nanoplasmonic 
applications. In the following, we show several more localized optical coupling schemes. 
 
2.1.3 Highly focused beam coupling 
Visible light through a microscope objective of high numerical aperture (NA) together 
with immersion oil can be used to generate SPPs at its focal point [53]. As shown in 
Figure 2.2(c), incident photons are focused by the lens with NA > 1, through immersion 
oil index-matched to the metal surface, where SPPs are generated and propagate out. The 
lens with NA > 1 is used to ensure that the lateral component of the wave vector of the 
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incident photon matches that of the excited SPPs, i.e., to achieve phase-matching. This 
works in the reverse way of leakage radiation microscopy [54]. The advantage of this 
coupling scheme is that it conveniently works for white (broadband) incident light [53], 
although usually a single frequency laser is used as a light source. 
 
2.1.4 Near-field coupling 
While the above coupling schemes are, in principle, subject to the diffraction limit of 
light, the spatial extent of near-field coupling of SPPs with a sharpened metallic tip or 
tapering metal aperture is defined by the dimensions of the excitation tip itself, which can 
be made to be much smaller than the excitation wavelength [22]. By squeezing photons 
through an aperture smaller than the SPP wavelength, they acquire enough lateral 
momentum to couple to SPPs. Figure 2.2(d) shows a typical setup for near-field coupling 
of SPPs, where photons are first coupled to the metallic aperture via an optical fiber, then 
converted to SPPs on the sample surface. 
 
2.1.5 End-fire coupling 
Instead of providing a phase-matching mechanism, end-fire coupling couples photons 
into SPPs by matching their spatial field profiles. In doing so, it maximizes the 
probability of photons coupling to SPPs. Figure 2.2(e) shows a schematic of the end-fire 
coupling method. This scheme can reach high coupling efficiency [55], and is also highly 
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compatible with the conventional fiber optics technique [56]. Chang’s theoretical work 
shows single photon coupling to SPP by this scheme [57-59]. Maier also demonstrated 
wave guiding with a tapered optical fiber and metal nanoparticle chains with 75% 
efficiency [56]. 
 
2.1.6 Step-gap leakage coupling 
As a special case of a leakage coupling scheme, we recently developed a step-gap 
leakage coupling method [60]. As shown in Figure 2.2(f), the step-gap structure consists 
of a dielectric support layer with refractive higher than 1 (here, PMMA), an optically-
thick top metal layer (Ag) and a base metal layer connected by an optically-thin metal 
film, forming a step-gap. Photons are injected from the bottom side of the structure. 
Optically-thick top and base metal layers preclude the direct transmission of photons 
through the device, such that the only path is through the step-gap. When photons from 
the dielectric side leak through the step gap, they acquire enough momentum to excite 
and couple to SPPs along the top surface of the base metal layer. Thus, the step-gap 
leakage scheme defines a localized SPP source, with minimum requirements for 
collimation of the input light source. It also naturally separates input photons from the 
out-coupled SPPs, optimizing the signal-to-noise ratio in subsequent SPP measurements 
[60]. As will be discussed in detail later, the step gap leakage scheme can be easily 
designed to excite SPP cavity modes. 
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Figure 2.3 | Schematic of the fabrication process of the step-gap structure for SPP coupling. (a) 
PMMA is coated onto an ITO coated glass substrate. (b) A step is defined in the PMMA layer using 
electron beam lithography. (c) A silver layer is sputtered onto the sample, forming the final step-gap 
structure. (d) 45 degree tilted electron micrograph of the cross-section of a fabricated step-gap, with the 
step-gap highlighted by red dashed circle. Horizontal and vertical scale bars represent 500 nm. Figure 2.2 
(d) reprinted with permission from Ref.[60]. Copyright 2013 American Chemical Society. 
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An advantageous aspect of the step-gap leakage structure is ease of fabrication. Figure 
2.3 shows a schematic of the fabrication process of the step-gap structure, and an SEM 
micrograph of a cross-section of a fabricated structure [60]. By using the e-beam resist 
PMMA as the supporting dielectric step layer, a lengthy PMMA lift-off process was 
avoided, and by utilizing the quasi-directional nature of sputter deposition to form the 
thin metal layer along the step-gap, multiple metal depositions were avoided. The 
fabrication procedure is thus succinct, with ~1/2 hour of sputtering, and electron beam 
lithography (EBL) dominating the total time consumption (several hours for large area 
writing patterns). For testing purposes, with relatively small EBL patterns (~1 mm2 
writing area), the fabrication process takes less than 2 hours. 
 
2.1.7 Other excitation schemes for SPPs 
SPPs can also be excited by coupling electrons to a metal/dielectric interface. Electron 
coupling schemes include fast electron coupling [4, 61], electron tunneling [62-64], and 
hot electron coupling [65]. Detailed mechanisms for electron coupling schemes are 
beyond the scope of this thesis. A good review on this subject was provided by de Abajo 
in Ref. [17]. 
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2.2 SPP cavity modes along confined circular metal surfaces: the SPP drumhead 
modes 
When the step gap is configured to form a circular shape, as shown in Figure 2.4, the 
center area surrounded by the step gap forms a confined circular cavity for SPPs. As will 
be shown below, the SPPs form surface plasmon drumhead modes inside the cavity. The 
circular step gap structure thus serves as both the excitation source and the confining 
boundary for the SPP drumhead modes. 
 
2.2.1 Governing equations for SPP drumhead modes 
SPPs propagating along the metal/dielectric interface obey the 2D Helmholtz equation: 
(2 + kSPP2) Ez = 0 ……(2-1), 
with Ez the vertical electric field,  
kSPP = k0 (ε0εAg / (ε0 + εAg))1/2 ……(2-2), 
the SPP propagation constant in the x-y plane (i.e., the plane of the circular cavity), and k0 
the free space wavenumber. For SPPs confined to a circular cavity of radius Ro, the 
boundary conditions are: 
Ez(Ro, θ) = 0 ……(2-3a), 
Ez(r, θ + 2π) = Ez(r, θ) ……(2-3b). 
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Figure 2.4 | Structural properties of the step-gap plasmonic circular cavity. (a) Top-view SEM image 
of a circular cavity. (b) 45 degree tilted cross-section SEM image of circular cavity taken in region 
indicated by dashed line in part a, highlighting the “step gap” region. (c) Cross-section view of the 
schematic design of the circular cavity, with red arrows indicating illumination direction. Scale bars: (a) 1 
μm, (b) horizontal and vertical 500 nm. Adapted with permission from Ref [60]. Copyright (2013) 
American Chemical Society. 
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Via separation of variables: Ez(r, θ) = R(r)Θ(θ), 
we obtain  
Θ(θ) = αcos(nθ) + βsin(nθ) ……(2-4a), 
where α and β are constants, and n is an integer that satisfies the latter boundary 
condition. Also, 
R(r) = γJn(ρ) ……(2-4b), 
where γ is a constant, ρ ≡ rkSPP is the normalized radius, and Jn(ρ) is the Bessel function 
of the first kind. The boundary condition (2-3a) is satisfied when Jn(kSPPRo) = 0. This 
gives the resonant condition as: 
kSPPRo = ρm,n ……(2-5), 
where ρm,n is the mth zero-crossing of the nth Bessel function Jn(ρ). Eq. (2-5) can be 
written into: 
Ro = ρm,n λSPP / 2π ……(2-6), 
representing a series of lines in the λ-R plot with slopes defined by ρm,n/2π. Table 2.1 
shows a list of normalized radii at resonance with varying m and n values. These 
resonances are circular drumhead modes of SPPs along the Ag/air interface within the 
circular cavity, in precise mathematical analogy with the classical drumhead modes of a 
vibrating circular membrane. As an example, the electric field intensity profile for n,m = 
1,5 SPP drumhead mode within a bounded circular cavity is given in Figure 2.5(a). 
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Table 2.1 | List of normalized radii at resonance with varying m and n values. 
ρm,n m = 1 2 3 4 5 6 7 
n = 0 2.40 5.52 8.65 11.79 14.93 18.07 21.21 
1 3.83 7.02 10.17 13.32 16.47 19.62 22.76 
2 5.14 8.42 11.62 14.80 17.96 21.12 24.27 
 
 
 
 
Figure 2.5 | Calculated and measured SPP drumhead modes. (a) Three dimensional plot of calculated 
electric field intensity profile for n,m = 1,5 SPP drumhead mode within a bounded circular cavity, with 
light color meaning high and dark color meaning low intensities. (b) Three dimensional plot of electric field 
intensity profile inside a circular plasmonic halo cavity with diameter = 3.35 µm obtained by near-field 
scanning optical microscopy. 
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2.2.2 Detection of SPP drumhead modes 
To unveil the near-field profile of the SPP drumhead mode, NSOM measurements were 
carried out on selected circular halo cavities under 660 nm polarized laser incidence from 
the bottom. Technical details and background knowledge about the NSOM technique 
were given in Chapter 1. Figure 2.5(a) shows a three dimensional (3D) plot of electric 
field intensity obtained by an NSOM scan over a circular plasmonic halo cavity with 
diameter 3.35 µm. Figure 2.5(b) shows a 3D view of the simulated electric field intensity 
for the n,m = 1,5 mode, according to Eq. (2-6). The measured field profile agrees well 
with the calculated one (Figure 2.5(a)), especially at the center region of the circular 
cavity, where electric field is  locally enhanced. That is, each image contains 5 antinodes 
along a radio direction, consistent with n,m = 1,5 mode. In the perimeter of the circular 
cavity, the measured intensity is stronger than the calculated ideal drumhead mode case. 
This is understood as being an artifact of the circumference of the halo cavity being the 
source of the SPPs. To further confirm the drumhead-mode nature of the plasmonic halo 
phenomenon, arrays of circular halo cavities with tuning radii were fabricated and 
studied.  
 
2.3 Modulation of transmission by surface plasmon drumhead modes: the plasmonic 
halo effect 
2.3.1 On- and Off-Resonance Simulation via FEM 
With the above understanding in mind, we carried out numerical simulations in the radio 
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Figure 2.6 | Cross-section views of electric field profiles under x-polarized bottom illumination. (a) Ez 
profile at resonance (λ = 512.5 nm) shows a strong SPP standing wave (cavity mode). (b) Ex at the same 
wavelength shows weak far-field coupling. (c) Ez profile off resonance (λ = 491.5 nm) shows no SPP cavity 
mode. (d) Ex profile at the same condition shows strong far-field coupling. All four profile maps are on the 
same linear color scale, from −0.25 to 0.25 V/m. Adapted with permission from Ref [60]. Copyright (2013) 
American Chemical Society. 
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frequency (RF) module of COMSOL MultiPhysics 4.2a, a finite element method (FEM) 
based simulation software. For simplicity, an infinitely long trench with cross-section as 
shown in Figure 2.4(c) was simulated under bottom illumination. Studying the linear 
trench greatly reduces simulation time while still capturing the essential physics. Open 
boundaries (realized by perfectly matched layers) were adopted for the left, right and top 
sides of the structure, with the bottom side set as the input port, sending x-polarized 
electric field to the positive z direction. A frequency domain solver was adopted to study 
the response of this structure to input light with various frequencies. Material properties 
(dielectric constants in the visible range) of the employed materials (including Ag, 
PMMA, and air) were obtained from literature [66,67].  As will be discussed in detail 
below, field profiles and transmission properties of the halo structure obtained from 
simulation greatly assist us to understand of the physics essence of the plasmonic halo 
phenomenon. 
Figure 2.6 shows the simulation result for a 2D trench with fixed geometry, while under 
illumination with various wavelengths corresponding to on- and off- resonant conditions. 
When a resonance condition is met (e.g. the m =10 resonance, representing n,m =1,10 for 
the circular case, which we calculate to occur at λ = 512.5 nm for this size cavity), the 
vertical SPP component Ez, corresponding to an in-plane wave vector kx, will be 
maximized, as shown in Figure 2.6(a). Correspondingly, the far-field component Ex will 
be minimized as the result of the out-of-phase interference between the SPP originated 
and directly transmitted photons (Figure 2.6(b)). However, when the resonance condition 
is not satisfied (e.g., λ = 491.5 nm), the SPP energy (and thus the SPP-originated photon 
flux) is reduced, increasing the out-coupled light intensity, as shown in Figure 2.6(c) & 
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(d). When the incident radiation wave length is half way between two resonant 
conditions, the far-field intensity reaches a local maximum. 
The above simulation results inform on the physical origin of the plasmonic halo effect. 
Since the planar sections of the Ag film are optically thick, photon energy can only be 
coupled to the front side through the leaky step gap regions, where the Ag is thin (∼50 
nm). When photons impinge on the entire structure from below (Figure 2.4(c)), most light 
is reflected, but some enters the gap region, inducing an SPP on the top surface of the 
disk, fed from its perimeter. The side wall of the upper circular cavity then serves as a 
boundary for this SPP along the lower Ag/air interface, yielding drumhead-mode 
standing waves. These waves then scatter at the perimeter, launching light into the far 
field by a type of dipole radiation. That is, each time an SPP reaches the circular 
boundary, a portion of it reflects back into the cavity as a counter-propagating plasmon, 
while another component is converted into a free space light wave. However, when the 
input light is broadband (white), multiple drumhead resonances are excited 
simultaneously, and at these resonances, the amplitudes of both the plasmon and the 
scattered radiation are maximal. This scattered radiation destructively interferes with 
incident light that has leaked through the step gap, such that the net outgoing light at 
those frequencies is minimized (suppressed). As a result, the dominant color of the far 
field transmitted light is determined by that of the unsuppressed leaked light. Thus, the 
ring-shaped step gap region is the source of both confined 2D SPPs and far field 
radiation, viewable by optical microscopy as halo-shaped rings of light (as shown in 
Figure 2.7). For off-resonance frequencies, SPP-originated photon emission is weak, and 
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the leaked signal is strong, making the rings look bright. The open disk in the center of 
the circular cavity appears dark in the far field, because  
 
 
 
Figure 2.7 | The plasmonic halo effect. (left) Illustration showing light shining on the bottom of 
plasmonic halo structures, forming surface plasmon drumhead modes, and transmitting through. (right) 
Transmission optical microscope images of plasmonic halos with different geometries under white light 
illumination. Reprinted with permission from Ref. [60]. Copyright (2013) American Chemical Society. 
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the leaked signal is strong, making the rings look bright. The open disk in the center of 
the circular cavity appears dark in the far field, because only confined surface plasmon 
waves exist in this region. Due to the plasmonic origin of the colorful halos shown in 
Figure 2.7, we call these phenomena the “plasmonic halos”. 
 
2.3.2 Modulation of transmission by SPP drumhead modes 
Figure 2.8 shows a contour map of the transmission spectra (normalized to the 
transmission spectrum through a blank ITO-glass substrate shown in Figure 2.9, with 
consideration of filling factor F of the circular cavities) for circular cavity samples of 
∼50 different radii, tuned from 1.0 to 1.9 μm in 20 nm increments. The normalization is 
obtained by first dividing the transmission spectrum data measured on the completed 
samples by that through a blank ITO-glass substrate, and then dividing this ratio by a fill 
factor for each sample. The fill factor is calculated as F = πd(2Ro+d)/a2, where a = 10 µm 
is the distance between neighboring circular holes, Ro the radius of the hole, and d = 300 
nm is the width of the taper at the perimeter of the Ag disks. Thus, F represents the fill 
factor of a unit cell of size a2 containing a circular annulus of inner radius Ro and width d. 
We plot these transmission spectra against the SPP wavelength along the Ag/air interface, 
to create a λ-R map according to Eq. (2-6). In the same contour map, we plotted the 
theoretically calculated drumhead mode branches in solid and dashed lines, with mode 
numbers labeled next to the branch lines. It can be seen that all the local resonance 
drumhead mode branches match well with the valleys (local minima) of the transmission 
map, as predicted previously by the 2D FEM simulation. The selected cavities studied  
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Figure 2.8 | Modulation of transmission by surface plasmon drumhead modes. (a) Three dimensional 
plot of electric field intensity profile inside a circular plasmonic halo cavity with diameter = 3.35 µm 
obtained by near-field scanning optical microscopy. (b) Three dimensional plot of simulated electric field 
intensity profile within a bounded circular cavity, with light color meaning high and dark color meaning 
low intensities. Reprinted with permission from Ref. [60]. Copyright (2013) American Chemical Society. 
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Figure 2.9 | Transmission spectrum of a halogen lamb through a blank ITO-glass substrate. Note that 
this spectrum is plotted against the SPP wavelength along a Ag/air interface, consistent with Figure 2.8. 
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under 660 nm laser incidence shown in Figure 2.8(c) & (d) correspond to the yellow star 
and diamond, respectively, in Figure 2.8(b). 
 
2.3.3 Anomalous vertical Transmission Suppression Bands 
Besides the absorption branches of the SPP drumhead modes, additional features 
associated with the plasmonic structure appear in Figure 2.8(b): There are two vertical 
bands of suppressed transmission near 450 nm and above 620 nm, independent of the 
radius of the circular SPP cavity. To discern the physical nature of these vertical bands, 
we plot in Figure 2.10(a) the measured transmission spectrum vs. SPP wavelength at the 
Ag/PMMA interface (as opposed to the Ag/air interface plot in Figure 2.8(b)), for various 
cavity radii. As indicated in the figure, regions or bands of suppressed transmission 
appear near SPP wavelengths of 200 nm, 250 ~ 300 nm and above about 400 nm. After 
using focused ion beam milling to expose the cavity edge and allow a measurement of the 
cavity’s Ag sidewall height, obtaining h = (400 ± 9) nm, we noted an empirical 
relationship between this height and the above wavelengths: h ~ l λl / 2. That is, it appears 
that far field scattering at the perimeter of the cavity (the halos) is suppressed for SPP 
wavelengths λl = 2h/l = 400, 267 and 200 nm, for l = 2, 3 and 4, respectively, or 
whenever the side wall height is integer times half the SPP wavelength along the 
Ag/PMMA interface.  
Simulations were done on the infinitely long trench structure when tuning its width, to 
confirm the above observation. The height of the PMMA layer was set at 400 nm in the 
34 
simulation. Trench widths were tuned from 2 to 4 μm, in 50 nm increments, mimicking 
the range of experimental circular cavity diameters. Optical throughput intensity was 
obtained by integrating the time-averaged energy density in perfectly matched layers in 
the far field. As shown in Figure 2.10(b), three bands of suppressed transmission appear 
in the simulated transmission spectra, centered at 200 nm, 267 nm, and 400 nm, close to 
the experimentally-observed l = 4, 3 and 2 bands above. Whenever an SPP is established 
along the Ag/PMMA interface of the side wall, transmission is suppressed because most 
of the incident energy is converted to the confined SPPs. Note that in the simulated result 
(Figure 2.10(b)), the SPP drumhead mode related transmission branches are further apart 
from each other, as compared to the real measurement (Figure 2.10(a)). This is because in 
the simulated trench structure, resonance modes only correspond to the n = 1 modes in 
the measured circular cavities, i.e., there are no n = 0 modes in the trench structure. The 
branches in the circular cavities are thus two times denser than in the linear infinite long 
trenches with the same cross-sections. 
To investigate the effect of side wall height h on transmission modulation, we fabricated 
arrays of circular cavities on a PMMA layer with linearly varying thickness (and thus h). 
As shown in Figure 2.11(a), arrays of circular hole cavities were patterned on PMMA by 
EBL in the order following the arrows. Each blue box represents a group of 48×48 
circular hole cavities (to increase signal to noise), with the radius of the cavity written in 
the center of the box (in units of μm). The PMMA thickness tP decreases from 550 nm to 
505 nm along the direction indicated by the arrow. This PMMA thickness change was 
achieved by tilting the spin-coated PMMA on ITO glass right after spinning, before 
baking in the hot plate. The thickness tP was measured by SEM images of cross-sections 
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of PMMA layer milled by FIB. Due to the zig-zaging fashion of the pattern layout, 
cavities with increasing radii experience a periodic change of tP, which leads to the  
 
 
 
Figure 2.10 | Measured and simulated vertical transmission suppression bands. (a) Measured 
transmission spectra of circular plasmonic cavity arrays vs. SPP wavelength at the Ag/PMMA interface 
when tuning cavity radius from 1.0 to 1.9 µm, in 20 nm increments. (b) Simulated transmission energy 
through a closely-related linear trench structure vs. SPP wavelength at a Ag/PMMA interface. Trench 
widths are tuned to resemble circular cavity radii from 1.0 to 1.9 µm. Red arrows indicate positions of 
transmission suppression. 
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Figure 2.11 | Transmission spectrum map of circular cavities fabricated on a PMMA film with tuned 
thickness and radius. (a) Schematic layout of the writing positions of the circular cavity groups, with each 
blue box indicating a group of circular cavities with the same radius, as indicated by the number in the 
center of the box (in units of µm). (b) Normalized transmission spectrum map of circular cavity arrays for 
radius tuned from 2.0 to 3.0 µm, with linear color bar scales from 0 (blue) to 9% (red) transmission. 
Reprinted with permission from Ref. [60]. Copyright (2013) American Chemical Society. 
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of PMMA layer milled by FIB. Due to the zig-zaging fashion of the pattern layout, 
cavities with increasing radii experience a periodic change of tP, which leads to the 
periodic change of h. For example, for the Ro = 2.00 μm array, tP is 550 nm, decreasing to 
505 nm for arrays with Ro = 2.12 and 2.14 μm, then increases back to 550 nm for arrays 
with Ro = 2.26 and 2.28 μm, etc. Not surprisingly, we see a corresponding zig-zag pattern 
in the normalized transmission spectrum contour map (Figure 2.11(b)). For radii from 
2.00 to 2.20 μm, the Ag/air SPP wavelengths for transmission suppression band range 
from 540 to 580 nm, corresponding to 337 to 365 nm Ag/PMMA SPP wavelengths. Since 
505 nm ≈ 3 × 337 nm / 2, and 550 nm ≈ 3 × 365 nm / 2, the transmission suppression 
band in Figure 2.11(b) is the l = 3 band. Simulations for a 2D trench with varying tP 
mimics this zig-zag pattern, confirming the modulation effect of side wall height to 
transmission spectrum. 
 
2.4 SPP cavity modes along metal surfaces with other configurations: Reverse halos 
In the previous section, the modulation of transmission by SPP drumhead modes in 
circular cavities was studied. In general, the cavity configuration (such as cavity shape, 
illumination direction, etc.) can be changed artificially, and can be more complicated than 
this.  
In this section, we discuss an interesting variation of the plasmonic halo effect, by simply 
revering the direction of illumination [68]. As shown in Figure 2.12, when we reverse the 
illumination direction of the incident light, the plasmonic halos with dark center now 
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show obvious bright spots at their centers.  This phenomenon is anomalous because in the 
region where we see a strong far-field light intensity (the bright center spots), the Ag film  
 
Figure 2.12 | Comparison between the “plasmonic halo” effect and the “reverse halo” effect. Left: 
Transmission optical micrographs of arrays of circular SPP cavities with various radii under unpolarized 
white light illumination from the bottom of samples (the same effect as shown in Figure 2.6). Right: 
Transmission optical micrographs of the same devices as shown on left, but under unpolarized white light 
illumination from the top of samples. Scale bar for all images: 20 µm. 
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show obvious bright spots at their centers.  This phenomenon is anomalous because in the 
region where we see a strong far-field light intensity (the bright center spots), the Ag film 
is optically thick (250 nm), forbidding any direct transmission of photons. The bright 
center spots are shown to originate from a photon-SPP-photon coupling process. 
2D FEM simulations with axial symmetry were carried out to assist our understanding of 
this phenomenon. As shown in Figure 2.13, an incident wave is from the top side of the 
structure, with a k vector pointing to –z direction, H vector pointing out of plane, and E 
vector pointing in the radial direction. When revolved 360 degrees, this corresponds to 
the situation of radially polarized electric field input. The simulated circular cavity has a 
diameter of 4 µm, with other parameters defined in Figure 2.4. The transverse electric 
field is obtained by: |Et|2 = |Er|2 + |Eθ|2. The electric fields are first coupled to SPPs and 
travel to the bottom side of the Ag/ITO interface through the step gap region, as shown in 
Figure 2.13(b). The SPPs form drumhead modes along the circular Ag/ITO interface, 
resulting in a center maximum. This SPP focusing phenomenon along circular geometries 
has been widely observed and studied [69,70]. The down propagating electric field 
component Et shown in Figure 2.13(c) has two origins: one is from direct leaking through 
the optically thin step gap region, resulting in the bright outer rings similar to the ones 
seen in the “plasmonic halo” effect; the other is from coupling from the SPP component 
in the form of radiation loss, (e.g. via surface and grain boundary scattering of SPPs 
[71]), resulting in the bright spots in the center. 
However, the above argument does not fully explain the observed phenomenon. The SPP 
standing wave induced Et component should have nodes and anti-nodes, as for the SPP 
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drumhead mode patterns along the circular Ag/ITO interface (shown in Figure 2.14 (c)). 
The observed center bright spots, however, are smoothed out, as shown in more detail in  
 
 
 
 
Figure 2.13 | 2D axial symmetric simulation for reverse halo effect. (a)  Illustration of simulated 
structure, with axis of symmetry labeled (r = 0). Perfectly match layers (PML) on the right and bottom 
sides were indicated by tilted line patterns. (b) & (c) Profiles of intensities of the vertical component |Ez|2 
(b) and transverse component |Et|2 (c) of the electric field for 490 nm incidence, under the same color scale 
with red (blue) indicating high (low) intensity.  
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drumhead mode patterns along the circular Ag/ITO interface (shown in Figure 2.14 (c)). 
The observed center bright spots, however, are smoothed out, as shown in more detail in 
Figure 2.14(a). This can be explained by the resolution limit λ/(2 NA) of the optical 
microscope [72]. The sample images were taken in a 50× Leica Microscope objective, 
with NA = 0.8. Thus, the resolution limit is λ/1.6 for the obtained reversed halo images. 
Figure 2.14(d) shows the same field profile as in (c), after numerical averaging over an 
area with 306 nm diameter to mimic the resolution limit in an optical microscope under 
490 nm incidence (i.e. 490 nm / 1.6 = 306 nm). The averaging is carried out by the 
“Average” spatial filter in OriginPro 8.1, a commercially available scientific data analysis 
software. After the averaging, the smoothed center bright spot agrees rather well with the 
measured result. 
The physical origin of this counter intuitive “reverse halo” phenomenon thus lies in a 
two-step coupling process: photons are first coupled into SPPs, which then propagate and 
interfere along the Ag/ITO interface, yielding a maximum at the center of the circular 
Ag/ITO interface; finally SPPs couple back into photons through radiation loss along the 
boundary of the circular cavity. 
 
2.5 Conclusions and future directions 
In this chapter, we discussed various optical excitation schemes for SPPs. We proposed a 
novel step-gap scheme for optical SPP excitation, which defines a localized SPP source 
with minimum requirements for collimation of the input light, and also naturally 
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separates input photons from the out-coupled SPPs. The step-gap scheme was shown to 
have the ability to couple SPPs to cavities with arbitrarily designed cavity shapes,  
 
 
Figure 2.14 | Simulations revealing the physical origin of the “reverse halo” effect. (a) Transmission 
optical micrograph of a 2×2 array of circular SPP cavities under unpolarized white light illumination from 
the top of samples. (b) Cross-section view of the simulated in-plane electric field intensity |Et| for a circular 
cavity with 4 µm diameter under 490 nm unpolarized top incidence, with red (blue) corresponding to high 
(low) intensity. (c) Simulated in-plane electric field intensity |Et| distribution at the Ag/ITO interface for the 
same structure as (b) and under the same illumination condition.  (d) Electric field intensity in (c) averaged 
over an area with 490 nm diameter, mimicking the resolution limit in an optical microscope. Scale bar in 
(a), 5 µm. Light (dark) color corresponds to high (low) intensity in both (c) and (d). 
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separates input photons from the out-coupled SPPs. The step-gap scheme was shown to 
have the ability to couple SPPs to cavities with arbitrarily designed cavity shapes, 
wherein forming SPP cavity modes. (Although not shown in this thesis, I have tried 
simulating and measuring cavities with triangular and rectangular shapes.) As a specific 
example, the SPP cavity modes within circular cavities surrounded by step gap 
circumferences and their interaction with optical photons were studied in detail. The SPP 
drumhead mode modulated transmission from these devices generates an interesting 
optical phenomenon, which we have called “plasmonic halos”. As a special counterpart 
of this phenomenon, if we simply flip the device, under the same illumination conditions, 
the “reverse halo” effect occurs, where abnormally high transmission is present for an 
optically thick Ag film. We studied the “reverse halo” effect in detail, and proposed the 
physical nature of it as a two-step photon-SPP-photon process. 
Coupled with various cavity shapes and various excitation schemes, the step gap scheme 
can have promising applications in a vast variety of areas. One promising application of 
cavities based on the step gap scheme is biosensing by sensing variations of dielectric 
constants of materials coupled into the cavities [73]. Another possible application of the 
step gap scheme is to use them to serve as excitation cavities for SPPs for studies of EM 
wave chaos [74]. 
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2.6 Supplementary information 
An AFM scan is shown in Figure 2.15, which shows a ~10 nm roughness of the sputtered 
Ag surface. This surface roughness, together with the grain boundaries on the Ag film, is 
the main reason for SPP out coupling into free photons. The surface roughness also 
assists the NSOM detection of the local field intensity along the Ag/air interface. Figure 
2.16 shows the field profiles at various incident angles, as a supplement of Figure 2.6, to 
demonstrate that the light transmitted through the step gap region is directly leaked 
through, rather than re-scattered by SPPs on the top surface of the circular cavity. Results 
in Figure 2.16 show that, the momentum k of the transmitted light is the same as the 
incident k. If the out coming light is generated by re-scattered SPPs, its momentum 
should stay the same even if the k of the incident light is changed. 
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Figure 2.15 | AFM scan of an area between two circular holes. (a) AFM scan with a 1010 m2 area. 
The dark circular areas are the circular cavities. (b) Line profile data of the red solid line indicated in (a). 
(c) Line histogram of the same red solid line. (d) Region histogram of the green rectangle region, showing a 
±5 nm roughness of the Ag surface. 
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Figure 2.16 | Electric field profiles under inclined incident. (a)-(d)  x-component of electric field (Ex) 
profiles at  = 491.5 nm incidence, for increasing incident angles from 0 degree to 30 degree, for the 1D 
trench with the same configuration as Figure 2.6. The linear color scale ranges from -0.25 to 0.25 V/m. 
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Chapter III. Reflectionless directional visible SPP 
coupling along symmetry broken metasurfaces 
3.1 Gradient index metasurfaces for reflectionless directional SPP coupling 
The introduction of the metamaterial (MM) concept has led to an explosion of research 
over the past decade on the interaction of waves with matter including, for 
electromagnetic waves, in plasmonics and photonics [75-81]. Recently, gradient-index 
meta-surfaces have been shown to have the ability to manipulate wavefronts at will in a 
reflectionless manner [82]. As an extreme case of this wavefront tailoring, normally-
incident waves can be bent 90 degrees onto a sample surface, turning into confined 
directional surface waves with high efficiency [83,84]. Due to their gradient nature, each 
working element must comprise smaller elements with gradually varying geometries [82-
84]. For operation in the visible frequency range, however, fabrication difficulties arise 
for such designs, as nanoscale structural fidelity is required. As a result, all existing 
demonstrations have been in the GHz range [82-84], for which mm- or cm-scale 
structures suffice. On the other hand, high-efficiency directional coupling between 
propagating photons and surface plasmon polaritons (SPPs) in the visible range is a 
growing pursuit, due to its perceived essential role in nanoplasmonic and nanophotonic 
applications [85-87]. 
In this chapter, we demonstrate that asymmetric, two-element, periodic, metal-insulator-
metal (MIM) structures, perhaps representing the simplest gradient-index scenario, can 
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serve as reflectionless directional convertors between free photons and SPPs operable in 
the visible frequency range. The simplicity of this two-element MIM structure allows for 
the fabrication of testable samples for operation with visible light. Simulated dispersion 
relations of this structure reveal the nature of the high-efficiency coupling process: 
interactions between propagating modes caused by the broken reflection symmetry and 
localized modes generated by individual MIM elements that are well understood in the 
language of MM “perfect absorbers” [88,89]. These interactions lead to Rabi splitting 
[90,91] and the formation of new quasi-particles [92,93]. Experiments on samples with 
tuned parameters confirm the simulated dispersion maps, and demonstrated a Rabi 
splitting of ~135 meV. Absolute reflectance measurements under normal incidence with 
small aperture angle (3.75°) on samples with areas less than 60×60 m2 were carried out 
using a modified microscope design. This scheme avoids the common problem of 
averaging over large incident angles when measuring optical properties of small-area 
samples by conventional methods [94]. Direct experimental evidence is obtained for 
reflectionless (less than 8% measured reflectance) directional SPP coupling in the visible 
range, with more than 99.7% of the channeled SPP energy being directed to the designed 
direction. Our results are meaningful for integrated nanoplasmonics, plasmonic logic, and 
plasmonic light harvesting, among others. 
 
3.2 Reflectance characterization of a micro-scaled sample under normal incidence 
The characterization of absolute reflectance of a sample with micron-sized area under 
normal incidence is non-trivial. In the IR, UV and X-rays ranges, Schwarzschild-type 
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reflective lenses are widely adopted for small-size samples, setting a lower limit to the 
incident angle, usually between 10° and 30° [95,96]. In the visible regime, objectives 
with high magnification are commonly used to match the field of view (FOV) to the 
small areas of the samples under investigation. However, high-magnification lenses come 
with high numerical apertures (NA), leading to a large upper limit for the incident angle 
[97]. Thus, for small-incident-angle measurement, low-magnification lenses (with small 
NA) are desired. However, the FOV of a low-magnification lens is overwhelmingly large 
compared to a micron-scale sample area. As shown in Figure 3.1(a), we propose that, 
instead of shrinking the FOV, one can restrict the size of the light source to match the 
sample size. This would require a critical illumination scheme, where a light source 
forms a real image on the sample plane [98].  
Optical measurements were performed under a modified Leica DM6000M microscope, 
as shown in Figure 3.1(a). For reflectance measurements, broadband light from a halogen 
lamp was coupled into the system through an optical fiber with NA = 0.2 to ensure 
uniformity of illumination spot, then restricted by a 556 m-diameter pinhole. An Ocean 
Optics Maya2000 Pro spectrometer was used to collect the spectrum data. Reflected light 
was collected using a 10× Zeiss microscope objective with NA = 0.30, corresponding to a 
maximum incidence angle of 0 = 17.5°. As shown in Figure 3.1(b) & (c), the spot size 
of the light source is RO = 133.3 m without the pinhole, and RP = 27.8 m with the 
pinhole. From the geometric relation tan0/tan1 = RO/RP, we obtained the restricted 
maximum incident angle: 1 = 3.75°. For calibration of absolute reflectance, we first 
measured the reflection signal of the sample, then normalized it to the reflection signal 
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from a Ag mirror  
 
 
Figure 3.1 | A modified reflectance measurement scheme for small samples at small-angle incidence. 
(a) Layout of measuring scheme used to obtain the reflectance of a sample with small area. The 
illumination from a halogen broadband light source or a tunable light source is coupled into the system 
through an optical fibre, and then restricted by a pinhole on the image plane, which is confocal with the 
CCD camera and spectrometer. The restricted illuminated area is schematically shown in the lower left 
inset of (a) (white circle), in contrast to the much larger field of view (FOV) of an optical microscope (OM) 
(grey box). (b) Simplified optical path for the modified optical microscope to illustrate the role of pinhole 
in restricting both illumination spot size and maximum incident angle. (c) Optical images of illuminated 
spot (white spot) from the optical fibre on a Ag mirror with dimmed background illumination, for situations 
with (right) and without (left) the pinhole. Scale bars in (c), 100 µm. 
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from a Ag mirror (ThorLabs PF10-03-P01). The obtained reflectance was then calibrated 
using the reflectance spectrum of the Ag mirror, thus yielding an absolute, rather than 
arbitrary, reflectance measurement. The single color light source used later in Figure 3.7 
was obtained by sending broadband light from halogen lamp through an Optometrics 
TLS 25C tunable light source, with an output bandwidth of 3 nm. 
 
3.3 Localized mode analysis 
Using the measurement scheme described in the previous section, we performed 
reflectance measurements to study the localized mode of a single-element symmetric 
MIM array. Figure 3.2(a) shows a schematic cross-section of a unit cell of a single-
element MIM array, with Ag as the metal and Al2O3 the dielectric. A top view SEM 
micrograph of a fabricated sample is shown in Figure 3.2(b). All relevant parameters are 
defined in Figure 3.2(a) & (b). Figure 3.2(c) shows the measured absolute reflectance for 
two maximum incident angles (angle apertures), M, of a single-element MIM array with 
dielectric thickness hd = 19 nm, metal thickness hm = 25 nm, element width Lx = 68 nm, 
element length Ly = 1,000 nm, horizontal periodicity/pitch Px = 450 nm, and vertical 
pitch Py = 1,100 nm. Absolute reflectance obtained under large M (black curve) is 
distinct from that under small M (red curve). Numerical reflectance simulations on a two 
dimensional structure with the same cross-section as the real sample, obtained by 
averaging over individual reflectance spectra with incident angles from 0 to M, show 
good agreement with the measured data (Figure 3.2(d)). Reflection minima at wavelength 
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 ~700 nm are caused by magnetic dipole modes arising from the coupling between the 
top metal bar and the ground metal plane [86]. These patch antenna-type SPP modes are 
localized in the gap between the two metal layers, and are thus less sensitive to variation 
in incident angle [99]. The high-efficiency conversion of incident photons to localized 
SPP gap modes is well understood in the framework of impedance matching [100] and 
critical coupling [101,102], and has been successfully utilized to make so-called MM 
“perfect absorbers” [88,89]. These localized modes (and their interaction with 
propagating modes) are of main interest in this work, and are thus highlighted by grey 
shaded regions in Figure 3.2(c) & (d). 
Reflection minima at  ~480 nm are interacting modes between two neighbouring MIM 
elements, and are thus highly sensitive to the pitch Px. When increasing the incident 
angle, the decrease of the effective pitch in the light-propagating direction causes a 
blueshift of this dip. Thus, when averaging over larger incident angles, this dip gets 
broadened significantly. The dip above  ~ 550 nm emerges only when the incident angle 
deviates from zero. This dip originates from the coupling of tilted incident waves to 
propagating surface plasmons. For incident angles closer to the critical angle 0 (where 
kSPP = k Sin(0) + 2/Px), the in-plane k vector is better matched to that of the 
propagating SPPs, resulting in improved coupling, and thus a deeper reflection minimum. 
Detailed mode analysis is provided in Section 3.8.1. Comparisons between reflectance 
spectra under normal incidence with various angle apertures provide trustable indications 
of the localized modes of interest here. 
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Figure 3.2 | Reflectance measurement of a symmetric single-element MIM array with tuning 
maximum-incident-angle. (a) Schematic of cross-section of one unit cell of a Ag (grey) - Al2O3 (blue) - 
Ag pattern, with transverse-magnetic (TM) polarized incident light, indicated by black arrows. (b) Top 
view SEM micrograph of an array of 25-nm-thick Ag stripes on 19 nm Al2O3 and 250 nm Ag on a Si 
substrate. (c),(d), Measured (c) and simulated (d) reflectance spectra for tuning maximum-incident-angles 
M = 3.75° and 17.5°, under TM polarized incidence. Scale bar in (b), 400 nm. Localized mode is indicated 
by light grey regions in (c) & (d). 
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3.4 Broken inversion symmetry and propagating modes 
For a periodic system, a unit cell with reflection (mirror or inversion) symmetry 
guarantees the same global reflection symmetry, like the case shown in Figure 3.2. Under 
normal incidence, such a structure generates left- and right-propagating SPPs with the 
same phase and amplitude with respect to the plane of reflection symmetry, resulting in 
complete cancellation via destructive interference. Thus, propagating SPP modes are not 
expected in structures with reflection symmetry under normal incidence. To generate 
propagating SPP modes under normal incidence, one has to break the reflection 
symmetry of the system, e.g., by introducing an asymmetric unit cell. Figure 3.3(a) shows 
a simple example of such an asymmetric unit cell, composed of two elements with 
different widths. As illustrated in Figure 3.3(b), even for such a structure, reflection 
symmetry still maintains when the separation between two elements is exactly half of the 
lateral pitch (D = 0.5Px). Two planes of reflection symmetry are indicated by red dashed 
lines for the case with D = 0.5Px. Only when D is smaller than 0.5Px is reflection 
symmetry broken. Note that by tuning the relation between D and Px in such a two-
element system, one can conveniently tune the system from a state with reflection 
symmetry to states without reflection symmetry. In fact, the deviation of D from 0.5Px 
can serve as an indicator of degree of asymmetry of the system.  
Figure 3.3(c) shows profiles of the x component of the time averaged power flow density 
(Sx) for D = 0.5Px and D = 0.45Px under the same incident condition and with all other 
parameters unchanged (hd = 20 nm, hm = 30 nm, L1 = 75 nm, L2 = 115 nm and Px = 566 
nm). For the symmetric case (D = 0.5Px), Sx changes signs with respect to the symmetry 
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planes, indicating cancellation of left- and right-going SPPs. As a result, 
 
 
 
Figure 3.3 | Two-element asymmetric MIM structures. (a) Schematic of a unit cell composed of two 
elements with different sizes. (b) Schematics of three two-elements unit cells when tuning D. Note that 
planes of reflection symmetry exist only when D = 0.5Px, as indicated by red dashed lines. (c) Time-
averaged power flow density for D = 0.5Px and D = 0.45Px, under normal incidence. The intensity in the 
case D = 0.5Px is amplified by 10. Red dashed lines in c indicate planes of reflection symmetry. Color bar 
in (c), (-1 to 1) × 107 W/m. Red color indicates power flow towards the right, blue towards the left. 
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planes, indicating cancellation of left- and right-going SPPs. As a result, only localized 
SPPs are formed in such a system. Note that the intensity of Sx is amplified by 10 in this 
case. For the asymmetric case (D = 0.45Px), Sx forms a continuous band along the metal 
surface, revealing constructive interference of the generated SPPs that leads to directional 
propagation. The red color of the power flow density profile indicates that the generated 
SPPs are propagating in the positive x direction. 
 
3.5 Interactions between propagating and localized modes 
To deepen our understanding of this phenomenon, we generated reflectance spectrum 
color maps for two-element MIM cells with L1 = 75 nm, L2 = 115 nm, while tuning the 
periodicity Px (and thus the in-plane reciprocal momentum vector k|| = 2/Px). This 
reveals the dispersion relations of the propagating and localized modes as shown in 
Figure 3.4. From Figure 3.4(a) we see that, for the symmetric case D = 0.5Px, only 
localized SPP modes are present, with the upper branch of reflectance minima 
corresponding to local resonances at the shorter sub-element (L1), and the lower branch to 
resonances at the longer sub-element (L2). Once reflection symmetry is broken by 
deviating from D/Px = 0.5, an additional branch emerges in the reflectance color map, 
representing a new propagating mode (as shown in Figure 3.4(b) & (c)). The broken 
reflection symmetry in the two-element structure has thus created a new mode that 
supports propagating SPPs, which were forbidden by symmetry in the symmetric 
systems. One important feature of this propagating-mode branch is its intersection with 
the localized branches. Such intersections on an -k dispersion diagram indicate the 
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locations of enhanced interactions, due to the simultaneous satisfaction of the laws of 
conservation of momentum and energy at those points. As the asymmetry of the structure 
is increased (by decreasing D/Px further from 0.5), the interaction between the 
propagating mode and the localized mode of the shorter element begins to hybridize these 
modes into two new quasi-particles [92,93], as clearly shown in Figure 3.4(c). 
A strong interaction yields a high energy transfer rate between the two interacting modes. 
We would thus expect photon-SPP conversion to be most efficient at the intersections of 
the propagating and localized modes. To evaluate the strength of the generated SPP, we 
define a quantity I1, obtained by integrating the x-component of the time averaged power 
flow density over the boundary of a unit cell (indicated by black dashed lines in Figure 
3.3(c)). Figure 3.4(d)-(f) shows color maps of I1 in accordance with the cases in Figure 
3.4(a)-(c). It is not surprising to see a featureless blank map for D = 0.5Px (the symmetric 
case), where no propagating SPPs are generated and I1 is zero everywhere. When 
reflection symmetry is broken, branches of non-zero I1 emerge (Figure 3.4(e) & (f)), with 
extreme values (maxima and minima) taking place at the intersections of the propagating 
and localized modes, as expected. At the intersection of the propagating mode with the 
localized mode of the shorter element L1 (longer element L2), the generated SPPs travel in 
the +x (−x) direction, resulting in the red (blue) streaks in Figure 3.4(e) & (f). Thus, a 
properly-designed two-element asymmetric MIM structure, when working at an 
interaction zone, becomes a high-efficiency, reflectionless, photon-SPP coupler. Note 
that for the sake of clarity, we have chosen to block the portion of the diagram that is 
above the light line by white regions in all figures in Figure 3.4. The figures with all the 
spectra information are shown in Figure 3.5, with black lines indicating the light lines.
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Figure 3.4 | Simulated dispersion bands for two-element asymmetric structures with tuned 
asymmetry. (a)-(c), Simulated reflectance color maps for two-element asymmetric two-element cells with 
L1 = 75 nm, L2 = 115 nm, hd = 20 nm, hm = 30 nm, Px tuned from 350 to 900 nm, with D = 0.5Px in a, 
0.45Px in (b), and 0.4Px in (c). The in plane momentum vector k|| is obtained from: k|| = 2/Px. (d)-(f), 
Simulated color maps of x-component of time averaged power flow density integrated over the boundary of 
a unit cell, for structures corresponding to (a)-(c). Unconfined modes above the linear -k light line are 
blocked by white triangles to focus on the confined modes below the light line for all panels. Color bars 
from blue to red: in (a)-(c), 0 to 1; in (d)-(f), (-2 to 2) W, with regions larger (smaller) than 2 (-2) W shown 
as red (blue).   
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Figure 3.5 | Full information for Figure 3.4, showing propagating photonic modes (left/above the light 
line) in addition to plasmonic modes. Black lines indicate light lines in all figures. Color scheme is the 
same as Figure 3.4. 
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Guided by the simulation results, we fabricated arrays of two-element Ag-MgF2-Ag MIM 
patterns with hd = 20 nm, hm = 30 nm, L1 = 60 nm, L2 = 100 nm, Ly = 1,000 nm, D = 
0.45Px, Py = 1,100 nm, and Px tuned from 400 to 880 nm, with a 20 nm step size (as 
shown in Figure 3.6(a)). In fabricating this structure, we chose to use thermally 
evaporated MgF2 as the dielectric layer, due to its low loss in the visible range [103], 
which is favorable for a propagating SPP mode. We measured their absolute reflectance 
spectra via our modified scheme, and plotted them in Figure 3.6(b). Two branches of 
localized modes and one branch of a propagating mode are clearly seen in Figure 3.6(b), 
with the intersection regions showing the lowest reflectance (blue). Figure 3.6(c) and d 
show another tuning sample with L1 = 75 nm, L2 = 115 nm and all other parameters 
unchanged. The enlarged L1 and L2 values redshift the two localized branches, pushing 
the lower branch caused by L2 out of the shown frequency range. The propagating mode 
is still clearly present, along with the intersection region. Note that all the localized 
modes are redshifted (i.e., occurring at lower frequencies) when k|| increases, as opposed 
to the simulations, where localized modes approach flat lines for large enough k||. We 
have concluded that this effect is caused by an artifact of the electron beam lithography 
process employed in the fabrication: when two elements are closer to each other, their 
actual individual sizes under the same resist exposure conditions become larger due to 
local charging effects [104]. Thus, as k|| increases, the actual sizes for L1 and L2 increase, 
redshifting the branches. We consider that the good agreement between measured and 
simulated reflectance spectrum color maps validates our physical picture of the high-
efficiency photon-SPP conversion process. 
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Figure 3.6 | Measured reflectance color map demonstrating the propagating and localized modes of 
SPP. (a),(b) Bright field optical image under x-polarized incidence (a) and measured reflectance color map 
under x-polarized incidence (b) of arrays of two-element Ag-MgF2-Ag patterns with L1 = 60, L2 = 100 nm, 
D = 0.45Px, Px tuned from 400 to 880 nm, with a 20 nm step size. (c),(d) Bright field optical image (c) and 
measured reflectance color map (d) under x-polarized incidence of two-element Ag-MgF2-Ag patterns with 
L1 = 75, L2 = 115 nm, D = 0.45Px, Px tuned from 400 to 880 nm, with a 20 nm step size. Black arrows in 
(a),(c) indicate the direction of gradually increasing Px. Each array area in (a),(c) is 60 × 66 µm2. Scale bars 
in (a),(c), 100 µm; Color bars in (b),(d), absolute reflectance from 0 (blue) to 1 (red). 
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Figure 3.7 | Full information for Figure 3.6. Black lines indicate light lines in (b) and (d). Color scheme 
is the same as Figure 3.6. 
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To quantify the interaction strength between the propagating and localized modes, and to 
calculate the coupling efficiency from free photons to propagating SPPs, we fitted the 
measured data based on temporal coupled mode theory [101,105], and extracted the so-
called Rabi splitting [90]. Figure 3.8(a) shows the upper (squares) and lower (circles) 
branches of reflectance minima fitted by two Lorentz line shapes: 
ܴ௜ ൌ ܴ୆ ሺఊ೐೔ିఊబ೔ሻ
మାሺఠିఠబ೔ሻమ
ሺఊ೐೔ାఊబ೔ሻమାሺఠିఠబ೔ሻమ ……(3-1), 
with ߛ௘ and ߛ଴ being the external and intrinsic decay rates of the structure, respectively, 
߱଴ the resonance frequency of the structure, and ܴ୆ introduced as a fitting parameter to 
compensate for uncaptured mechanisms leading to a background reflectance. i = 1, 2 
labels the propagating and localized modes, respectively. A Rabi splitting of ~ 135 meV 
is obtained from the fitted data. The crossing between linewidthes of the upper and lower 
modes shown in Figure 3.8(b) is a strong indication of the Rabi splitting [90]. A fitting 
example with Px = 540 nm is shown in Figure 3.9, with the black dashed line indicating 
the propagating mode, and the red solid line representing the localized mode. The 
coupling efficiency ߟ is calculated and plotted by blue dashed dotted line in Figure 3.9, 
reaching a maximum of 76%. 
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Figure 3.8 | Rabi splitting analysis for measured reflectance. (a) Measured reflectance color map of 
arrays of two-element Ag-MgF2-Ag patterns with parameters defined in Figure 3.6(d). Red squares (circles) 
indicate fitted upper (lower) branch of reflectance minima, showing a Rabi splitting of ~135 meV. (b), 
Linewidthes of the upper (open triangles) and lower (solid triangles) branches extracted from fittings in (a). 
Color bar in (a), from 0 (blue) to 1 (red). 
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Figure 3.9 | Measured and fitting of reflectance of structures shown in Figure 3.8, with Px = 540 nm. 
Open black squares indicate measured reflectance, dashed black (solid red) line indicates the fitted lower 
(upper) mode, green dashed dotted line indicates the calculated coupling efficiency into the propagating 
mode. 
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3.6 Experimental verification of reflectionless directional SPP generation 
Time reversal symmetry of electromagnetic waves tells us that a structure that couples –z 
propagating photons to +x propagating SPPs reflectionlessly, can also serve as a perfect 
coupler for –x propagating SPPs to +z propagating photons. On this basis, we proposed a 
simple structure made of arrays of the two-element asymmetric MIM unit cells with the 
same size as the ones in Figure 3.6(c) to experimentally demonstrate the reflectionless 
directional generation of SPPs. As shown in Figure 3.10(a) & (b), our structure consists 
of three 44 m-long Ag stripes, with the center stripe composed of 6 unit cells in the x 
direction, and the outer two stripes 10 unit cells each. There are 40 unit cells along the y 
direction for all stripes. Each unit cell contains a pair of Ag bars of different widths. Note 
that the directionality or orientation of the MIM unit cells in the center stripe is opposite 
to that from the two outer stripes, so that the center stripe, when illuminated, serves as the 
photon-SPP coupler, and the outer two as SPP-photon couplers. As shown in Figure 
3.10(c), when x-polarized  = 642 nm photons are coupled to the center stripe, they 
convert to right-going SPPs with high efficiency, resulting in a dark stripe (low 
reflection) in the otherwise bright center of the illuminated zone. Reflectance of the 
center stripe can be read directly from Figure 3.6(d). With Px = 550 nm and  = 642 nm 
corresponding to k|| = 11.4 rad/m and frequency = 467 THz, the obtained reflectance is 
8%, locating at the interaction zone between the propagating mode and the localized 
mode caused by the shorter element (L1). When the right-going SPPs arrive at the 
reversely-arranged MIM unit cells on the stripe to the right, they are scattered into freely 
propagating photons that travel into the far field, resulting in the bright streak in the right-
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hand-side stripe. In strong contrast, the left-hand-side stripe is nearly completely dark, 
suggesting no SPPs are directed to the left that could transform/scatter as photons. The 
ratio of light intensities integrated over the right- (930.03 a.u.) and the left-hand-side 
(2.52 a.u.) stripes reveals that 99.7% of the SPPs generated by the center stripe were 
directed to the right, and only 0.3% to the left. In addition to the data shown in Figure 
3.10, we found that illuminating the right (left)-hand-side stripe leads to a bright (dark) 
center stripe, which further confirms the robustness of the directionality of the generated 
SPPs. Since the reflectionless directional coupling is a resonant effect, incidences with 
other wavelengths result in a brighter center stripe, and/or the illumination of both outer 
stripes (as discussed in detail in Section 3.8.3). 
 
3.7 Discussions and conclusions 
Another important feature of the propagating SPP mode is its higher quality (Q) factor as 
compared to the localized modes. This is because the mode cavity for a localized mode is 
restricted by the size of the resonating element, while for a propagating mode, the cavity 
size is greatly enlarged, allowing for much more energy to be stored in each resonant 
cycle. From the measured results in Figure 3.6, we can extract the Q factors for both 
localized and propagating modes: Q = 0/0. For Px = 460 nm, we obtain a value of Q = 
105.6 for the propagating mode at 1.99 eV, and Q = 22.4 for the localized mode at 1.77 
eV. When properly designed, asymmetric MIM structures can thus be utilized as high-Q 
MM “perfect absorbers” in the visible regime [106].  
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Figure 3.10 | Experimental demonstration of reflectionless directional SPP coupling. (a) SEM 
micrographs of top view of two-element asymmetric Ag-MgF2-Ag patterns corresponding to regions 
indicated in (b). Geometric parameters for each unit cell are: L1 = 75 nm, L2 = 115 nm, Ly = 1,000 nm, Px = 
550 nm, Py = 1,100 nm, hd = 20 nm, hm = 30 nm. The blue boxes on top are guides to the eye for the 
directionality of the corresponding unit cells. (b) Bright field optical image of three regions (44 m-long 
stripes) made of the two-element directional SPP couplers, with the center stripe directing energy to the 
right hand side, and the outer two stripes to the left. The center stripe consists of 6 unit cells, and the outer 
two stripes consist of 10 unit cells each. (c) Optical image of the same area as (b), with confined  = 642 
nm light (extracted from a broadband halogen lamp via a tunable light source, see Methods) illuminating 
the center area as indicated by a red dashed circle in (b). Re-scattered light is clearly seen in the right-hand-
side stripe while, in strong contrast, no light is seen in the stripe on the left. Blue arrows are guides to the 
eye indicating the outer contours of the three stripes in (b) & (c). Scale bars in (a), 400 nm; in (b) & (c), 10 
m.  
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The reflectionless conversion of a free photon to an SPP is a conversion from a 2D 
wavefront to a 1D one, which itself has merit in terms of energy concentration. Combined 
with various existing techniques for surface plasmon focusing [70,107], the 1D wavefront 
of the SPP can be further confined to a point (0D), to realize the concentration of photon 
energy from a macroscopic area to a microscopic point. This scheme is different from the 
conventional single-element nanoparticle plasmonic resonator, where energy is 
concentrated into a nanoscale resonator from only within an area within a few 
wavelengths of the incident light [108]. The fact that the power flow (x component) 
integrated over the unit cell boundary is larger than the total input power (1 W) to the cell 
(as shown in Figure 3.4(d)-(f)) seems counter-intuitive at first sight. However, we argue 
here that this is, in fact, a physical result caused by the conversion of a 2D input 
wavefront to a directional 1D wavefront by the asymmetric MIM structure. The excess x-
directional power flow comes from the propagating SPPs generated in the adjacent unit 
cells. Denoting the power flow density along the input port as ܵ௬ , the total power 
absorbed by each unit cell is: ܫ୭ ൌ ሺ1 െ ܴ୲ሻ ௫ܲܵ௬ , with ௫ܲܵ௬  setting to be 1 W. If we 
assume the decay length of the directional SPP to be ܽ, then the power flow integrated 
over a unit cell boundary is: ܫଵ ൌ ሺ1 െ ܴ୲ሻ ׬ ݁௫/௔ߟܵ௬dݔ଴ିஶ ൌ ሺ1 െ ܴ୲ሻܽߟܵ௬ (setting the 
position of the boundary as ݔ ൌ 0 ). We can thus calculate the decay length of the 
directional SPP mode: ܽ ൌ ௫ܲܫଵ/ሺߟܫ୭ሻ, reaching 4.4 m for structure with Px = 582 nm 
(calculated in Section 3.8.4). Thus, this asymmetric MIM structure is able to collect the 
input photon energy over a 4.4 m range and concentrate it into a line along the sample 
surface. 
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In conclusion, we have studied the role of reflection symmetry in SPP generation. We 
have demonstrated a high-efficiency coupling channel between free photons and 
directional propagating SPPs that are confined to a metal/insulator interface. We have 
realized reflectionless photon-SPP conversion in the visible range based on a two-
element asymmetric MIM structure. Our results may bring new possibilities to subjects 
such as high-Q MM “perfect absorbers”, plasmonic energy harvesting, and plasmonic 
logic, among others. 
 
3.8 Supplementary information 
3.8.1 Field profiles for single-element MIM structure under resonances 
Figure 3.11 shows field profiles for mode analysis of a single-element (symmetric) Ag-
Al2O3-Ag structure, as discussed with regard to Figure 3.3. Figure 3.11(a) shows the 
simulated reflectance of this single-element MIM structure under normal incidence (angle 
 = 0 in Figure 3.2) while tuning the length of the top metal bar (Lx), with all other 
parameters as defined in Figure 3.2 held fixed. Two modes are evident in Figure 3.11(a), 
with mode 1 near 486 nm insensitive to Lx, and mode 2 near 690 nm redshifting with 
increasing Lx. Figure 3.11(b) shows the reflectance of the Lx = 68 nm structure while 
varying the incidence angle . With  increasing from zero, mode 3 emerges at around 
550 nm and redshifts. Profiles for Hy, Ex, Ez & Sx are shown in Figure 3.11(c)-(j) for 
mode 1 and mode 2 under normal incidence for Lx = 68 nm and all other parameters as 
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defined in Figure 3.3. To illustrate mode 3, profiles of Hy, Ex, Ez & Sx are shown for  = 
10° in Figure 3.11(k)-(n).  
Electric and magnetic fields are more spatially dispersed for mode 1 than for mode 2, as 
shown in Figure 3.11(c)-(f). The fact that the Hy and Ez fields distribute over a whole unit 
cell indicates that this mode is established by interactions between two neighbouring 
MIM elements. Thus, the resonance position of this mode is determined by the 
periodicity/pitch Px of the structure. Tuning Lx does not affect this mode. Tuning the 
incident angle will affect the mode by changing the effective Px in the light-propagating 
direction.  
On the other hand, mode 2 is very sensitive to Lx. When Lx is tuned from 62 nm to 76 nm, 
the resonance position of this mode moves from 664 nm to 730 nm. From the field 
profiles in Figure 3.11(g)-(j), we see the locality of this mode. Electric and magnetic 
fields are squeezed into the gap region between the top and bottom metal layers. The Hy 
field shown in Figure 3.11(g) is created by counter propagating electric currents in the 
two metal layers, forming an effective magnetic dipole [86]. Since Lx determines the 
effective dipole moment of the MIM structure, this dipole-type mode depends strongly on 
it. Another noticeable feature is the reflection symmetry of all simulated field profiles 
shown for mode 1 and mode 2, where normal incidence is applied.  
Mode 3 only emerges for tilted incidence ( > 0), where the in-plane kx vector of incident 
light is matched to that of a propagating SPP by the reciprocal momentum obtained from 
the periodicity, k|| = 2/Px, in the following way: kSPP = kx + Mk||, with M = 0, ±1, ±2, ... 
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Figure 3.11 | Field profiles for a single-element Ag-Al2O3-Ag structure at resonance. (a) Simulated 
reflectance spectra under normal incidence while tuning Lx and keeping other parameters (as defined in 
Figure 3.2) fixed. (b) Simulated reflectance spectra with Lx = 68 nm, while tuning incidence angle . (c)-
(f), Simulated Hy (c), Sx (d), Ex (e) and Ez (f) profiles for mode 1 under  = 486 nm normal incidence. (g)-
(j), Simulated Hy (g), Sx (h), Ex (i) and Ez (j) profiles for mode 2 under  = 690 nm normal incidence. (k)-
(n), Simulated Hy (k), Sx (l), Ex (m) and Ez (n) profiles for mode 3 under  = 575 nm incidence, with 
incidence angle  = 10°. (c)-(n) has the same geometry, with Lx = 68 nm and other parameters defined in 
Figure 3.2, and the same TM polarized input (H field along the y direction). Color bars: (c), (g) & (k), (-2 to 
2)×102 A/m; (e), (f), (i), (j), (m) & (n), (-1 to 1)×105 V/m; (d), (h) & (l), (-1 to 1)×107 W/m. 
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For our adopted geometry, M = -1, i.e., |kSPP| = |k|| - kx| (note that kx is smaller than k||). So, 
for increasing , kx increases, leading to a decreased kSPP, and thus increased SPP. This is 
the reason for the redshifting of the mode 3 reflection minima when increasing . The 
reflection symmetry for the field profiles of this mode is broken by the tilted incidence. 
 
3.8.2 Reflectance of Ag-Al2O3-Ag samples when tuning incident light polarization  
Reflectance of the single-element Ag-Al2O3-Ag array was measured with a maximum 
incident angle of 3.75°, while tuning the polarization angle of the incident light, as shown 
in Figure 3.12. Polarization angle  is defined in Figure 3.12(a), with  = 0° representing 
the case when electric field is perpendicular to the y axis. Figure 3.12(b) shows the 
absolute reflectance when tuning   for a single-element Ag-Al2O3-Ag array with Lx = 68 
nm, and other parameters given in Figure 3.12. We see that all three dips of the 
reflectance spectra are disappearing when increasing   from 0° to 30°. This indicates that 
the y-directional periodicity does not contribute to the reflectance spectra in the visible 
range for x-polarized incidence, and that the x- and y-directional modes are decoupled.  
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Figure 3.12 | Reflectance measurement of a single-element Ag-Al2O3-Ag structure when tuning 
incident polarization. (a) Top view SEM micrograph of an array of Ag-Al2O3-Ag structures, with electric 
field direction and polarization angle  defined. (b) Reflectance measurement of the Ag-Al2O3-Ag structure 
with Lx = 68 nm, under 0, 15 and 30 degree polarization incidences. Scale bar in (a), 400 nm. 
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3.8.3 Optical measurement of the 3-stripe structure under illuminations with 
various wavelengths 
Figure 3.13 shows an optical measurement of the model structure (Figure 3.10) under 
illumination at various wavelengths, all under x-polarization. The single color light spots 
are extracted from a continuum of white light by a tunable light source. The diameter of 
the light spot is restricted to ~15 m by a pinhole. Figure 3.13(a) shows a bright field 
image of the model structure under white light illumination. Figure 3.13(b)-(f) show 
bright field images of the structure under restricted light spot illumination, with tuning 
the incident wavelength. One can see that for wavelengths other than 642 nm, the 
illuminated center stripe region is almost as bright as the other parts of the light spot. This 
indicates high reflection of the center stripe at all other wavelengths. The right and left 
outer stripes are all dark for wavelengths 495 nm and 555 nm, meaning no evidence for 
generation of propagating SPPs is observed. At 612 nm, one starts to see a weak 
illumination of the right-hand-side stripe, indicating a weak generation of propagating 
SPPs. At the 642 nm resonance condition for this structure, the center stripe is dimmed, 
with a strong intensity seen at the right-hand-side stripe. This corresponds to the situation 
of reflectionless generation of directional SPPs. For a longer wavelength (705 nm), the 
directional resonance condition breaks, and we see SPPs on both sides’ outer stripes. In 
fact, if we keep increasing the incidence wavelength, we will see a situation when the 
SPPs are totally coupled to the left, corresponding to the intersection region of the 
propagating mode with the localized mode of the longer stripe in Figure 3.4(e). 
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Figure 3.13 | Three-stripe model sample under plane wave incidence with tuning wavelength. (a) 
Bright field optical image of the three-stripe sample. (b)-(f) Optical image of the same area as shown in a, 
under illumination of a restricted light spot at wavelengths of 495 nm (b), 555 nm (c), 612 nm (d), 642 nm 
(e) and 705 nm (f). (a)-(e) are true color figures. (f) is a false color figure, with brightness representing 
intensity. Field of views are the same for all figures. Scale bar in (a), 10 m. 
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3.8.4 Decay length of the directional SPP 
We calculate the decay length (a) at k|| = 10.8 rad/mm (Px = 582 nm) and D = 0.45Px. 
Figure 3.14(a) shows the simulated reflectance of the structure, with the fitted reflectance 
of the localized mode (R2) shown by red line. Figure 3.14(b) shows the corresponding 
integrated Sx at various positions indicated by dashed lines with the same color in Figure 
3.14(c). The reflectance minimum and the power flow density maximum coincide at 443 
THz. At this frequency, the reflectance is Rt = 2.78%, the fitted reflectance is R2 = 84.9%, 
using RB = 1 for the simulations, we obtain the coupling efficiency as:  = 84.5%. 
Plugging in the integrated Sx at this frequency: I1 = 6.14 W, we get: a = PxI1/(Io) = 4.4 
m. Figure 3.14(b) shows that for the propagating mode (443 THz) the position to choose 
the integrate Sx is irrelevant, consistent with the fact that at this frequency, Sx is 
dominated by the +x propagating SPPs. 
 
3.8.5 Sensitivity to the sharpness of corners of metal structures 
Figure 3.15 shows the simulated reflectance spectra for a two element asymmetric Ag-
MgF2-Ag structure when tuning the sharpness of the top metal corners. We see that 
reflectance spectra do not have obvious shifts when the corners are rounded. Most modes 
are mainly resonating in the dielectric gap between the two metal layers, and are thus 
insensitive to the slight geometry change of the top metal corners. This fact assures a 
more stable result against imperfections during the nanofabrication process. 
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Figure 3.14 | Calculation of decay length of the directional SPP. (a) Simulated reflectance spectrum for 
the two-element MIM structure with k|| = 10.8 rad/m and D = 0.45Px, and all other geometries the same as 
Figure 3.3(b). Red line shows the fitted reflectance (R2) for the localized mode centered at 472 THz. (b) 
Integrated Sx at various positions as indicated by dashed lines with the same color in (c). (c) Profile of Sx at 
443 THz. Color bar in (c), from blue to red: (-1 to 1) × 107 W/m. 
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Figure 3.15 | Simulated reflectance spectra for a two-element asymmetric Ag-MgF2-Ag structure 
when tuning the sharpness of metal corners. (a) Schematic cartoons showing the tuning of the filleting 
radius (rf) of the top corners of the top metal layer, from 2 nm to 8 nm. (b) Simulated reflectance spectra 
under normal incidence for a two-element asymmetric Ag-MgF2-Ag structure with k|| = 11.5 rad/m, and 
other parameters defined in Figure 3.6(d), while tuning (i.e. decreasing) the sharpness of the top corners of 
the top metal layer. The good overlap of all curves indicates that the sharpness/bluntness of the corners 
plays little role in both the propagating and localized modes in this structure. 
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3.8.6 Numerical simulation details  
Full-field electromagnetic simulations were performed using COMSOL Multiphysics (RF 
Module), a commercially available simulation software based on finite element method 
(FEM). A unit cell of the investigated structure was simulated using periodic boundary 
conditions along the x axis, and perfectly matched layers along the propagation of 
electromagnetic waves (z axis). A plane wave port was used to launch plane waves 
toward the unit cell along the −z direction, and reflectance was calculated from the S-
parameters obtained from the incident port. The edge blunting effect was taken into 
consideration by rounding the top corners of metal elements with 8 nm radius. The 
localized and propagating modes studied in this paper were not sensitive to the bluntness 
of these corners, as detailed in SI, Section V, assuring a more stable result against 
nanofabrication imperfections. All simulations reported in the main text are performed in 
two-dimensional (2D) layouts, with the input port inputting total power of 1 W. Note that 
for a 2D simulation, the power flow density has the unit of W/m [105]. In all of the 
simulations, we employed a triangular mesh with a minimum mesh size of 1 nm. 
Interpolations of experimentally obtained optical constants were assigned for all the 
materials used in simulations, with Ag taken from Ref. [66], Al2O3 from Ref. [109], and 
MgF2 from Ref. [103]. The loss tangent of the ALD-coated Al2O3 was taken to be 0.04, 
according to Liu et al. [89]. The relative permittivity and permeability of air were taken 
to be 1. 
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3.8.7 Temporal coupled mode theory  
The scattering process of a resonance to a continuum input can be described by the 
temporal coupled mode theory [101]: 
ୢ௔
ୢ௧ ൌ ሺ݅߱଴ െ ߛ଴ െ ߛ௘ሻܽ ൅ ඥ2ߛ௘ݏା ……(3-2), 
ݏି ൌ െݏା ൅ ඥ2ߛ௘ܽ ……(3-3), 
where, ܽ is the local resonance amplitude, ߱଴ is the resonance frequency, ߛ଴ is the decay 
rate due to local loss, ߛ௘ is the decay rate due to escaping power, ݏା is the input power 
amplitude, ݏି  and is the reflected power amplitude. From the above equation we can 
solve for reflectance amplitude: 
ݎ ൌ ୱషୱశ ൌ
ሺఊ೐ିఊబሻି௜ሺఠିఠబሻ
ሺఊ೐ାఊబሻି௜ሺఠିఠబሻ ……(3-4), 
and thus 
ܴ ൌ |ݎ|ଶ ൌ ሺఊ೐ିఊబሻమାሺఠିఠబሻమሺఊ೐ାఊబሻమାሺఠିఠబሻమ ……(3-5). 
When the external and intrinsic loss rate matches, the local resonance reaches “critical 
coupling” with the input continuum, resulting in zero reflectance [102]. In the fitting 
shown in Figure 3.9, we have introduced a fitting factor RB < 1 to account for unknown 
factors in realistic fabricated sample and measurement. Denote the total reflectance of the 
structure as Rt, and the reflectance of the localized (propagating) mode as R2 (R1), then 
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we have: Rt = R1 + R2 - RB, and the coupling efficiency of the input energy into the 
propagating mode can be calculated by: 
ߟ ൌ ሺோాିோ౪ሻିሺோాିோమሻோాିோ౪  ……(3-6). 
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Chapter IV. SPPs on metal nanopatterns embedded in 
photovoltaic (PV) absorbers 
4.1 Embedded metal nanopatterns (EMN) for enhancing optical absorption 
4.1.1 Design details 
In recent years, various light trapping schemes based on inclusions of metallic 
nanopatterns have been proposed to enhance the efficiencies of solar cells [5,7,8,94,110-
119]. Such schemes include randomly positioned nanoparticles, and 1D and 2D metallic 
patterns on top of [5,94,110-113], on the bottom of [114,115], or embedded within 
[7,8,116-119] the photovoltaic (PV) layers. Most of these methods result in modulating 
the surface of the solar cells, and are thus more compatible with solar cells using 
amorphous thin film PV layers [5,7,8,94,110-119]. Here, we demonstrate both 
experimentally and theoretically that the embedded metallic nanopatterns (EMN) scheme 
can serve as a general design scheme for enhancing the efficiencies of a broad range of 
solar cells with amorphous PV absorber layers. The EMN scheme enhances the 
absorbance of the PV layer over a broad frequency range, leading to broad potential 
applications in the solar cell industry. 
Figure 4.1 shows a schematic illustration of the simplified structure of the EMN solar 
cells. In contrast to conventional patterning schemes that employ metal patterns either on 
top [5,94,110-113] of or on the bottom [114,115] of the PV layer, we will show in the 
following section that there exists an optimized embedding depth of the metal 
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nanopatterns for maximized broadband light absorption [7,8]. Such an EMN scheme is 
general for various shapes of metal nanopatterns, and is also generic for all kinds of PV 
materials. Two representative metal patterns are shown on the right panel of Figure 4.1: a 
cross array, and a connecting metal network with hexagonal close-packed (hcp) holes. 
The cross pattern is best known for its formation of the metamaterial “perfect absorber” 
mode that achieves near unity absorption at a certain resonant frequency [89]. As will be 
shown below, a cross array embedded into an absorber layer with a back reflector can 
create multiple high absorption peaks and lead to broadband-like high absorption. Of 
technical relevance, the hcp-hole EMN pattern can also be produced in a scalable way via 
nanosphere lithography (NSL) [21,120]. 
Numerical simulations are full-wave simulations carried out in the Radio Frequency 
Module of COMSOL MultiPhysics, a commercially available software based on finite 
element methods. For each simulation, a unit cell of the periodic structure is considered, 
with boundaries along the x- and y-axis set to be periodic, thus simulating an infinite 
sample. An x-polarized plane wave is incident into the unit cell on the glass side of the 
structure. Most of the incident light is absorbed in the PV layer, some is reflected back to 
the input port, while almost no light is transmitted through due to the employment of an 
optically thick back reflector layer. The reflection coefficient is obtained from S11, and 
the transmission coefficient from S21. Absorption is calculated by A = 1 - |S11|2 - |S21|2.
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Figure 4.1 | Schematics showing the design details of the EMN scheme. Adopted with permission from 
Ref. [8]. 
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4.1.2 Determining the optimum position of the EMN for maximum light absorption 
We chose a 20-nm-thick Ag cross pattern embedded in a 60-nm-thick a-Si layer as an 
example to investigate the prospects of an optimum position of the EMN for maximized 
light absorption in the a-Si material. The Ag cross is composed of 100 nm × 300 nm 
segments, with a unit cell size of 400 × 400 nm2 (4 unit cells shown in Figure 4.1). We 
chose 50 nm fluorine-doped tin oxide (FTO) as the TCO layer, and a 250-nm-thick Ag 
layer as the back reflector. By varying the embedding depth d of the Ag cross EMN, we 
could examine all possible configurations for which such an EMN can be integrated into 
an absorber film. Denoting hEMN (20 nm) as the Ag EMN thickness and hSi (60 nm) as the 
a-Si thickness, we have: d ≤ -hEMN representing top-patterning or above, -hEMN < d ≤ 0 
partially embedded, 0 < d < hSi – hEMN fully embedded, and d ≥ hSi – hEMN bottom-
patterning (i.e., on or in the Ag back reflector). As a result, we are able to address in 
detail the issue of the optimum depth to position a particular subwavelength-
dimensioned, cross-shaped EMN, as well as the physical origin of the optical absorbance 
enhancement. 
Figure 4.2(a) shows the simulated absorbance within the a-Si layer, obtained by 
integrating the calculated time-averaged power loss density PL over the a-Si volume, 
versus incident light wavelength, for different embedding depths d. The dashed line 
shows the simulated absorbance without an integrated EMN. Here, 
୐ܲ ൌ ߱ߝ
ᇱᇱ
2 |ܧ|
ଶ ൅ ߱ߤ
ᇱᇱ
2 |ܪ|
ଶ 
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is derived from Poynting’s theorem [121], with ߱  the light frequency, ߝᇱᇱ  and ߤᇱᇱ  the 
imaginary parts of the relative complex permittivity and permeability of the absorber, and 
E and H the local electric and magnetic fields, respectively. Since ߤᇱᇱ ൎ 0 for a-Si, the 
magnetic term does not contribute to absorption. It can be seen from the figure that when 
the Ag cross pattern is present but positioned above the a-Si layer (d = -30 nm, i.e., 
bottom surface of EMN lying 10 nm above the FTO/a-Si interface), the absorbance in a-
Si is less than the bare a-Si, “no EMN” condition, across most of the 350–850 nm range 
investigated. This appears rational since Ag, which in the employed cross pattern covers 
5/16 ~ 38% of the exposed surface, is known to be highly reflective in this frequency 
range. As the Ag pattern is brought closer to and then embedded into the a-Si layer (as d 
is increased from -30 to 0 nm), however, an overall increase in absorbance is observed 
throughout the spectrum, but especially at long wavelengths (> 600 nm). As the 
embedding depth is further increased, the total absorbance in a-Si does as well, until it 
reaches a maximum between d = 10 and 20 nm. Finally, continued increases in d (e.g., 
+30 to +40 nm) ultimately suppress absorbance, again especially so at long wavelengths. 
The absolute absorbance in the a-Si in the simulations in Figure 4.2(a) reaches more than 
80% for this optimum embed depth regime. 
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Figure 4.2 | Simulated absorbance A within a-Si while tuning the embedded depth d of an Ag cross 
EMN for normally incident, linearly polarized light (for geometry defined by 50 nm FTO, 60 nm a-Si 
and 20 nm EMN thickness). (a) A vs. free-space wavelength for various d, for EMN placement between 
on-the-top (d ≤ -20 nm) and on-the-bottom (d ≥ +40 nm), showing strong near infrared enhancement. (b) 
Contour plot of A in (a) on linear 0-1 color scale, highlighting the optimum embedding depth regime. (c) 
Left scale: Absorbance enhancement at fixed wavelengths vs embedding depth d, relative to an EMN-free 
control sample, showing strongest effects at long wavelengths (> 300% at 800 nm). Right scale: Variation 
in calculated short circuit current density with d, relative to the control, showing maximum ~70% increase 
near d = 15 nm. Adopted with permission from Ref. [8]. 
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For added perspective, the simulations of Figure 4.2(a) can be represented as a contour 
plot of a-Si absorbance versus wavelength, shown in Figure 4.2(b), with a 0–1 linear 
color scale on the right. From this plot, one can discern an optimum embedding depth 
near d = 15 nm for which a somewhat broad, high absorption band develops. Significant 
below-gap (i.e., above  = hc/eEg ~ 700 nm, where Eg ~ 1.7 eV is the nominal band gap 
of a-Si) absorption can be seen for EMN depths near the vertical middle of the structure, 
as opposed to those near the top FTO and bottom Ag surfaces. From these data in this 
structure, we can also explicitly extract the depth dependence of the absorbance A(d) 
within the a-Si volume, for fixed wavelengths. We have selected the free-space 
wavelengths  = 500, 600, 700, and 800 nm for display, as indicated by arrows at the top 
of the contour plot. Normalized to the control, ‘‘no EMN’’ absorbance A0, we plot the 
resulting optical absorbance enhancement factor A(d)/A0 versus d in Figure 4.2(c). This is 
the main result of this section: embedding a metal nanopattern inside an optical absorber 
can enhance, by significant amounts, the optical absorbance of the surrounding 
semiconductor medium. For the example structure shown here, the enhancement is ~ 
175% at  = 700 nm (A/A0 > 2.5), and ~ 325% at  = 800 nm. The detail shown in Figure 
4.2(c) provides further evidence for an optimum embedding depth in the range d = 10 to 
20 nm for the wavelength values depicted, but especially for the longer, near- and sub-
gap wavelengths. Note again that the more conventional top (d = −20 nm) and bottom (d 
≥ +40 nm) pattern placements yield far less enhancement at most wavelengths, as 
compared to the embedded situations. 
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One can estimate the effect this EMN concept can have on a PV solar cell, within the 
assumptions that p- and n-doped layers on either side of the undoped a-Si film do not 
appreciably change the optical absorbance, and that this absorbance can be equated with 
external quantum efficiency. Using for the short circuit current density Jsc = 
(e/hc)∫S()A()d where e, h, and c are the elementary charge, Planck’s constant, and 
the speed of light, respectively, and S() is the power density spectrum for solar 
irradiation (AM1.5) [122], we can calculate Jsc for each embedded depth d. We plot in 
Figure 4.2(c) the ratios of these Jsc values to that for the ‘‘no EMN’’ control, calculated to 
be Jsc0 = 12.4 mAcm-2. Consistent with the simulated A(), Jsc is enhanced upon 
embedment, peaking near d = 15 nm with a 70% increase over the control  (Jsc > 21 mA 
cm-2), a value 20% higher than the record number for single junction a-Si [123], achieved 
in more than 4 times thicker films. For a typical open circuit voltage of Voc = 0.88 V and 
fill factor of 0.7 for a-Si solar cells, this corresponds to a power conversion efficiency  
of 13%, close to 30% higher than the state-of-the-art for single junction a-Si PV [124]. 
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Figure 4.3 | Simulated power loss density at  = 700 nm linearly polarized (Ex) incidence for the Ag 
cross EMN, viewed in y-z plane cross-sections cut through the middle of two unit cells, for various 
embedding depths d. The light sample coordinate system is indicated, and only the FTO and a-Si layers 
are shown, with the EMN indicated by its outline. The 0 to 5×10-10 W/m3 linear color scale is shown. It can 
be seen that PL(x,y,z) reaches maximal values between d = 10 and 20 nm, between and above individual 
crosses, respectively. On the right is a series of x-y slices of the d = 20 nm depth PL at different z-positions, 
providing a separate perspective of the spatial distribution of electromagnetic absorption, which is 
primarily in the a-Si. Adopted with permission from Ref. [8]. 
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Insight into the physical origin of this metamedium-enabled increase in optical 
absorbance is obtained by examining the spatial dependence of the power loss density PL, 
which again is a local measure of optical intensity or absorbance (PL~E2~A) within the 
volume of the structure, extracted from the simulations. To this end, we show in Figure 
4.3 the simulated PL for a series of cross-sections and slices of the Ag cross EMN of 
Figures 4.1 and 4.2, for normally incident, x-polarized,  = 700 nm light at various 
embedding depths. The top panel on the left set of images shows PL(y,z)|x for the situation 
without the Ag EMN (i.e., bare a-Si), as well as the orientations of light propagation kz 
and electric field polarization Ex. Successive panels below this correspond to y-z-plane 
cross-sections of PL at depths between d = −20 and +40 nm, in 10 nm steps, for a cut (i.e., 
fixed x) through the middle of the crosses in the EMN array. All panels contain the same 
linear color scale shown, varying from 0 to 5×10-10 Wm-3, which corresponds to an 
optical density equivalent to ~1 sun (1 kWm-2). These images serve to implicate the 
mechanism responsible for the optical absorbance enhancement: near-field scattering-
enhanced concentrations of PL within the a-Si in the vicinity of the embedded nano-
crosses, strongest in intensity above and between crosses for the d = 10 and 20 nm EMN 
depths. Upon embedment, the scattered electric field concentrates in the a-Si, which has a 
much higher absorption coefficient than FTO or bulk Ag at optical frequencies. We will 
discuss the mechanism of the broadband absorption enhancement of the EMN scheme in 
detail in section 4.4.  
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4.1.3 Measured absorbance spectra on fabricated samples 
In this section, we present two sets of fabricated EMN samples, along with the optical 
calibrations of them. The first sample was fabricated by EBL on a 500 nm ITO coated 
glass, with a sample area of 1.2 × 1.2 mm2 (Figure 4.4). At the finest scale (lower right), 
the crosses deviate from the ideal crosses in that the corners show some rounding. The 
dimensions of this EMN are indicated. Optical measurements, both reflection and 
transmission, were performed using a modified fiber optic spectrometer from Ocean 
Optics which measures the 0th order reflection R0 and transmission T0 of small sample 
areas (< 200 μm diameter). The apparatus for reflectance measurement consisted of a 
bifurcated optical fiber, of which one arm was connected to the spectrometer and the 
other to a light source for reflectance measurements, as detailed in Chapter I. For 
transmission measurements, the transmission source is lit and spectra are taken of a 
reference substrate without the films/structures of interest, and then a spectrum of the 
sample of interest. The sample spectra is normalized by the transparent substrate spectra, 
thus producing a sample transmission spectra that ranges from 0 to 100% transmission.  
Based on measurements of the 0th order transmission and reflection of an 80 nm thick a-
Si film on ITO coated glass, in Figure 4.5 we show experimental results for absorbance 
with and without the EMN shown in Figure 4.4. As one can see, there is general 
agreement with the aforementioned simulations showing that the EMN enhances the 
absorption, particularly at longer wavelengths. At ~660 nm, for example, the absorption 
in the EMN sample is 3.5 times that of the sample without the EMN, while the total 
wavelength-integrated enhancement is by more than 50%.  
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Figure 4.4 | 1 mm × 1 mm e-beam lithographed Ag cross pattern as fabricated. From upper left to 
lower right, increasing magnification. Adopted with permission from Ref. [7]. 
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Figure 4.5 | Experimental 0th order absorbance for the sample in Figure 4.4. Note the enhancement of 
long wavelength absorption in this sample. Adopted with permission from Ref. [7]. 
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To experimentally verify the effectiveness of the EMN scheme, we also fabricated hcp-
EMN samples embedded in a-Si absorbers with tuned embedding depths and measured 
their absorbance spectra. One of the samples is shown in Figure 4.6, with the cross-
section in Figure 4.6(a) done by focused ion beam milling. The hcp patterning is done by 
NSL, as detailed in Chapter I. The measurement results are shown in Figure 4.7. The 
cyan curve shows the total absorbance of the a-Si cell without hcp-hole-EMN. The other 
4 curves represent the total absorbance spectra of the a-Si cell with hcp-hole-EMN with 
increasing embedding depth from 5.3 to 18.4 nm. With an increasing embedding depth, 
the overall total absorbance of the a-Si cell is increasing, as the whole a-Si cell is 
approaching an optimum impedance matching, which is consistent with our results about 
optimum embedding depth of EMN patterns in the previous section. The oscillations of 
the absorbance spectra at around 400, 450 and 500 nm are Fabry Perot modes formed in 
the 500 nm thick ITO layer. If we had used a 50 nm thick ITO layer, these modes will be 
gone in the visible range. 
 
4.2 Absorption enhancement by EMN scheme in various PV absorbers 
The embedding nature of the EMN scheme generally restricts its applicable range to 
amorphous, polycrystalline and organic ultrathin film solar cells. There are several 
examples for the applications of embedded metal nanopatterns in organic solar cells [116-
119]. As shown in Figure 4.8, we simulated the absorption within the PV layers for the 
same EMN scheme embedded in various amorphous PV absorbers, and compared them 
to situations without employing the EMN.  
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Figure 4.6 | SEM micrographs of the embedded metal nanopatterns (EMN) with hcp Ag network. (a) 
A cross-section done by focused ion beam at position indicated by the red dashed line in (b). (b) Top view 
SEM micrograph of the hcp Ag EMN. Scale bars in (a) & (b), 200 nm. 
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Figure 4.7 | Measured absorbance spectra for hcp Ag EMN with tuned embedding depths. 
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The simulated EMN structure is a 20 nm thick Ag cross composed of two arms with 300 
nm length and 100 nm width. The Ag cross-EMN is embedded in the middle of the 60 
nm thick (ultrathin) PV layer, with an embedding depth d = 20 nm (as defined in Figure 
4.1). The PV layer is sandwiched by a 50 nm fluorine-doped tin oxide (FTO) layer and a 
200 nm Ag back reflector. Optical constants of all the simulated PV absorbers are taken 
from the literature, including a-Si [125], a-SiGe [126], CdTe [127], CuIn0.55Ga0.45Se2 
(CIGS) [128], as well as the Ag [66] and FTO [129] layers. Note that we have calculated 
the absorbance in the PV layers only by calculating the ratio of the integrated power loss 
density within the PV layers only to the total input power. Thus, the effect of the non-
negligible Drude loss within the metal in the optical range is already taken into account 
[130]. These results represent the external quantum efficiencies (EQEs) of real solar cells, 
assuming 100% collection efficiency of the generated electrons, and are thus instructive 
for real solar cell applications. We see that without the EMN pattern, the absorbance 
curves strictly follow the band structure of the PV materials, tailoring off at the band 
edges. After the employment of the EMN, although the total volume of the PV absorber 
is reduced (part of it is replaced by the Ag cross-EMN), the absorbance increases 
broadbandly over the whole spectrum, especially at regions near the band edge. After 
integrating the EQEs over the AM1.5 solar spectrum [122], we can estimate the critical 
current densities JSC and thus the power conversion efficiencies η of the solar cells, as 
shown in the box for each PV absorber in Figure 4.8. The calculation from JSC to 
efficiency η is done by using typical literature values for open circuit voltage VOC and fill 
factor FF and using η = JSCVOCFF/(1kW/m2). 
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Figure 4.8 | Simulated absorbance in various PV layers for cross-EMN design employed to various 
absorbers. 
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4.3 An impedance matching model to understand the absorption enhancement of 
EMN 
To deepen our understanding of this broadband enhancement effect of the EMN scheme, 
we carried out impedance analysis [131] for the whole unit cell, taking the CdTe absorber 
as an example. The extraction details are the following: The effective complex 
impedance (zeff = zre + izim) of the unit cell is calculated from the extracted effective 
permittivity (εeff) and permeability (µeff) from the s-parameters, by zeff = (µeff/εeff)1/2. The 
extraction is using the method found in Smith’s work [132-134], with the reference 
planes of the two ports set at 500 nm away from the sample surface. When the effective 
impedance of the unit cell is matched to that of the air, i.e., zre = 1, and zim = 0, reflection 
of the unit cell is vanishingly small. Combining this result with the fact that transmission 
of the unit cell is 0 (ensured by the back reflector), this leads to a near unity absorbance. 
The blue (red) solid circles in Figure 4.9(a) are simulated total absorbance of the whole 
CdTe cell with (without) EMN. The cyan dashed line is the absorbance in CdTe layer 
only, the same as the curve in Figure 4.8. This again proves that majority of incident light 
is absorbed in the CdTe layer, rather than in the metal [130]. The real and imaginary parts 
of the extracted impedance for the CdTe cell with and without the Ag cross-EMN are 
plotted in Figure 4.9(b) & (c). There are two regions where the total absorbance of the 
CdTe cell with EMN approach unity, at λ ~ 465 nm and ~ 915 nm, respectively 
(highlighted by two thick cyan lines). At these two points, the extracted impedances of 
the CdTe cell with EMN both match well with the free space (zre = 1, zim = 0). On the 
other hand, the impedance matching condition is never satisfied for the CdTe cell without 
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EMN. The impedance deviates from the matching condition even further at longer 
wavelengths towards the band gap, deteriorating the performance of the solar cell. The 
inclusion of the EMN is thus an effective scheme for compensating for this impedance 
mismatch in a broadband manner. Comparing the solid (dashed) lines in Figure 4.9(b) & 
(c), we see that with the same overall trend, the zre (zim) curve for the EMN case is 
brought closer to the zre = 1 (zim = 0) line over the whole range. A detailed analysis of the 
broadband character of the embedded (buried) metal patterns serving as an anti-reflector 
is recently given by Capasso et al. in Ref. [131]. 
The two positions where impedance matching is achieved correspond to two physical 
modes in the CdTe cell with EMN. Profiles of the power loss density at these two 
wavelengths are shown in Figure 4.10. The mode at ~465 nm is a surface plasmon (SP) 
mode along the top surface of the embedded Ag cross (Figure 4.10(c)). Similar mode 
exists along the Ag back reflector in the CdTe cell without EMN, as shown in Figure 
4.10(a). Thus, the total absorbance of the CdTe cells with and without EMN are both 
quite high. For λ ~ 915 nm, no mode is excited for the CdTe cell without EMN, resulting 
in a nearly blank power loss profile (Figure 4.10(c)). On the other hand, a gap mode is 
strongly excited for the EMN structure at 915 nm, as shown in Figure 4.10(d). This is a 
second order gap SP mode trapped in the gap layers between the Ag cross and the back 
reflector, which is also well understood as a magnetic resonance mode [86], a patch 
antenna mode [99] or in the framework of critical coupling [102]. This gap SP mode traps 
the incident photons into the CdTe in between the two Ag layers, without reflecting them 
back into free space. Thus the absorption of CdTe mainly occurs in the gap region below 
the embedded Ag cross at this frequency.  
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Figure 4.9 | Extracted impedance (z) for the cross-EMN in CdTe absorber. 
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Figure 4.10 | Profiles of the power loss density for CdTe cells with and without cross-EMN. The color 
bar represents 0 (blue) to 2×1020 W/m3 (red).  
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4.4 Conclusions and future directions 
In this chapter, we have demonstrated theoretically that an EMN scheme is a good 
candidate for enhanced optical absorbance, and by extension, PV efficiency in a broad 
range of solar cells, including amorphous, polycrystalline and organic solar cells. An 
impedance matching method is provided to validate the absorbance enhancement of the 
EMN scheme in a broad frequency range. Experimental verifications on metal 
nanopatterns embedded in a-Si cells are also provided as a proof of concept of the EMN 
scheme. The EMN scheme may find broad applications in the solar cell industry. Future 
work following this idea could include the fabrication of real solar cells using the EMN 
scheme, and the design to eliminate possible electron-hole recombination associated with 
the inclusion of metal nanopatterns, including designing a thin insulating layer around the 
EMN. 
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Chapter V. Summary 
In conclusion, we have presented studies on SPPs along metal surfaces with novel 
structures, including the following:  (1) SPP standing waves formed along circular metal 
surfaces that lead to the “plasmonic halo” effect; (2) directional reflectionless conversion 
between SPPs and free photons in asymmetric metal-insulator-metal arrays; and (3) 
broadband absorbance enhancement of embedded metallic nanopatterns in the 
photovoltaic absorber layer. These works pave ways for new schemes for SPP generation, 
plasmon-photon modulation, ultrasensitive dielectric/bio sensing, and high efficiency thin 
film solar cells. 
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Appendix I. SPPs along aluminum nanowires 
AI.1 Fabrication of Al nanowires with various cross sections by stress induced 
methods 
The use of aluminum (Al) metal as a plasmonic building block has recently drawn 
increased attention [135-137]. Its natural abundance and extended tunability into the 
ultraviolet range make Al a promising material for future plasmonic applications [135-
137]. To date, Al nanostructures (e.g., 2D nanopatterns, and 1D nanowires (NWs) and 
nanotubes (NTs)) are mainly fabricated by top-down lithographic methods, including 
electron beam lithography (EBL), nanosphere lithography (NSL), and anodized 
aluminum oxide (AAO) template lithography [135-140]. For bottom-up, self-assembled 
growth, wet chemical methods are restricted to the fabrication of noble metal (e.g., Au, 
Ag, Pt) nanostructures [141-143], though there have been reports of stress-induced [144-
146], electromigration-induced [147,148], and vapor-phase growth in glancing angle 
deposition of Al microwires and nanowires [149,150]. The advantages of bottom-up 
growth of Al nanostructures are ultra-smoothness and the possibility in formation of 3D 
structures. Existing bottom-up techniques for Al nanostructures are still in the early 
development stage, requiring improvements in achieving higher yields, controlling 
growth conditions and reaching smaller dimensions [144-150]. 
Here, we report the low temperature (250 °C) stress-induced growth of Al nanostructures 
on Al-coated glass (SiO2) wafers controlled by the concentration of applied hydrofluoric 
(HF) acid. The fabricated Al nanostructures (hereafter referred to collectively as Al NWs) 
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can have ultra-high aspect ratios, ultra-smooth surfaces, and cross-sections with versatile 
shapes, including “kissing circles”, trenches, double wells, crescents, solid cylinders and 
tubes. These various self-formed shapes can potentially be exploited for different 
plasmonic-based applications. For example, metal cylinders with kissing-circle and 
crescent cross-sections have been predicted to be useful for broadband plasmonic light 
harvesting [151,152]; trenched and double-well cross-section metallic cylinders have 
been used for gap-mode surface plasmon waveguiding [153,154]; and metal nanowires 
and nanotubes can be converted to nano-sized coaxial waveguides by subsequent 
dielectric-metal coatings for broadband subwavelength waveguiding [155,156]. We show 
here that by controlling the preparation temperature and the concentration of the HF 
solution, one can control the growth rate and the yield density of these types of Al NWs. 
While an effective way to control the shapes of the grown Al NWs remains under 
development, the method introduced here of stress-induced growth of Al NWs tuned by 
HF solution suggests the convenient, controllable fabrication of 1D Al nanostructures 
with unconventional cross-sections. 
The fabrication process of our stress-induced Al NW growth is sketched schematically in 
Figure A1. A glass substrate (Fisher 12-550D microscope slide) is cleaned by 
ultrasonication in acetone, then isopropanol alcohol, and finally water, each for 15 min. 
An Al layer is then sputtered onto the cleaned glass substrate. The sputtering is done with 
an Al target in an argon gas plasma at 0.4 Pa, under a DC power of 250 W, with a 
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Figure A1 | Fabrication process of the Al nanowires. (a) Cleaned glass substrate. (b) Thin layer of Al 
sputtered onto the glass substrate. (c) Al coated glass substrate baked at 250 °C in ambient condition, then 
apply HF solution with proper concentration when heated. The pink layer on top of Al layer indicates a 
native oxide (Al2O3) layer. (d) Al NWs grow up at the local defects in regions with HF applied on the Al 
film after a continued baking of the substrate for about 30 min. The thickness of the Al layer and the Al2O3 
layer is exaggerated to show their presence. 
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measured deposition rate of 4 nm/min. The ideal thickness of the Al layer is above ~100 
nm, because a thinner layer results in Al island formation, while thicker layers result in 
lower Al NW yield. The Al-coated glass substrate is then baked in air at 250 °C on a 
hotplate. After the glass substrate has reached the hotplate temperature (within about 2 
min), an HF:H2O solution at room temperature is applied to the substrate by a plastic 
pipette. Droplets of HF solution evaporate immediately upon contact with the hot Al-
coated glass substrate, yielding visible residue areas. The Al-coated glass is kept at 250 
°C for another 30 min. When the concentration of the applied HF solution is within an 
appropriate range, Al NWs grow in the residue areas formed by dried HF droplets. Areas 
outside of the HF droplet areas only form Al nano- or micro-dots, or hillocks [157,158]. 
Figure A2 shows SEM micrographs of fabricated Al NWs. Figure A2(a) shows a 
sideview of the as-grown NWs on the glass substrate. Figure A2(b) & A2(c) show two 
long Al NWs laying on a Si substrate, with the NW in Figure A2(b) reaching 100 µm in 
length, and the one in Figure A2(c), 40 µm. Figure A2(d)-(i) shows Al NWs with various 
cross-sections, as sketched in red. The transfer of as-grown Al NWs from the glass 
substrate to a polished Si substrate is done by pressing the former onto the latter. In this 
process, some NWs are mechanically broken and/or transfer onto the Si substrate. To 
directly obtain the shape of cross-sections of the Al NWs, transferred Al NWs are coated 
(via sputtering) with ~250 nm of Ag, then milled by a gallium beam in a Focused Ion 
Beam (FIB) system. 60° tilted view SEM images of some FIB cross-sections are shown 
in Figure A2(j)-(m), reviewing crescent shapes with various radii, and a solid cylinder 
shape. From the SEM micrographs of the stress-induced Al NWs, we can see that they 
have diameters ranging from 100 nm to 1 µm, and lengths from 10 µm to 200 µm. 
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Figure A2 | SEMs of Al nanowires with various cross-sections. (a) Side view of Al NWs grown on a 
glass substrate. (b) 107 µm long NW. (c) 40 µm long NW. (d)-(i) Al NWs with various cross-sections, as 
sketched in red for each. (j)-(m) SEM images of 60° tilted view of FIB cross-section of Ag coated Al NWs 
on Si substrate. Red dashed lines indicate cross-section of Al NWs. The bright layer covering the Al NWs 
is Ag. The dark layer beneath the Al NWs is Si. Scale bars: (a) 20 µm; (b) 10 µm; (c)-(f) 2 µm; (g)-(m) 100 
nm. 
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To confirm the composition of the Al NWs, we transferred them onto a Cu grid to carry 
out TEM observations of them. Figure A3 shows TEM data for one Al NW with a 
hollow-circle cross-section (an Al nanotube). Figure A3(a) & 3(b) show two low 
magnification images of the same Al nanotube (NT). The darker edges and brighter 
center of the Al NT, Figure A3(b), reveal the tubular structure. Figure A3(c) shows a high 
magnification image of this Al NT at its boundary, showing a measured atomic distance d 
= 0.227 ± 0.005 nm. For an fcc Al crystal with lattice constant a = 0.405 nm, the atomic 
distance on the face with Miller index (001) is d001 = 0.234 nm, matching well with our 
measured distance. The diffraction TEM image shown in Figure A3(d) reveals the 
polycrystalline nature of the Al NT. We thus conclude that the as-prepared Al NT is 
polycrystalline fcc Al. Energy dispersive spectroscopy data (not shown) on an Al NW 
also show a slight oxidation of the Al in air. 
We performed four-probe resistivity measurements (using a Kleindiek nanomanipulator 
inside the SEM) on one of the Al NTs, as shown in Figure A4. Figure A4(a) shows a top 
view SEM image of the 4-probe measurement layout. The geometry of the measured Al 
NT is estimated to be: length between two inner probes L ≈ 5 µm, radius of Al NT r ≈ 
500 nm, and thickness of NT wall t ≈ 50 nm. Figure A4(b) shows an I-V curve with 
applied voltage of ± mV. A least squares fit to the data yields a resistance of R = 2.9 Ω, 
also revealed to be Ohmic by the derivative dV/dI. Combined with the geometrical 
parameters in Figure A4(b), we obtain an estimated resistivity of ρ = RS/L ≈ 2πrtR/L ≈ 
9.3×10-8 Ω m. This is comparable to, though somewhat larger than, the bulk resistivity of 
Al, 2.8×10-8 Ω m. This resistivity thus confirms the metallic nature of the grown Al NWs.
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Figure A3 | TEM micrographs of an Al nanotube. (a)-(b) Low magnification TEM micrographs of an Al 
nanotube. (c) High magnification TEM micrograph of the Al nanotube, with measured lattice constant 
indicated. (d) TEM diffraction image of the Al nanotube. Scale bars: (a) 0.2 µm; (b) 10 nm; (c) 2 nm; (d) 
100 µm. 
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Figure A4 | Four-probe resistivity measurement of the as grown Al NWs. (a) Top view SEM 
micrograph of an Al NW on substrate connected by four tungsten probes. (b) I-V measurement by the four-
probe method, along with the differential resistance dV/dI data (blue). 
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To investigate the role of the HF solution in the growth process, we carried out a control 
experiment of Al NW growth when applying HF solution with various concentrations in 
H2O. Shown in Figure A5 are dark-field optical images of Al NWs grown on a substrate 
while tuning the HF concentration. We see that when there is no HF, no Al NWs grow, 
with only Al islands formed, as shown in Figure A5(a). When the HF concentration is 
high (i.e., HF:H2O = 1:50), it etches through the Al film and reacts with the bottom SiO2 
layer, leading to no Al NW formation, as shown in Figure A5(d). Only a restricted range 
of HF concentration yields Al NWs, as shown in Figure A5(b) & (c). Note that while 
Figure A5(b) & (c) show the center of the HF droplet circles, Figure A5(d) shows the 
edge of a HF droplet circle, with the lower left being the inside of the circle (higher HF 
concentration) and the upper right being the outside of it, showing the effect of a 
concentration gradient. We see that at the lower HF concentration area, there is still Al 
NW grown (though scarce), as pointed out by a red arrow in Figure A5(d). The 
orientations of the as-grown Al NWs appear random, as shown in Figure A5(b) & (c). 
The end of a NW that touches the substrate is well focused, while the end pointing up is 
defocused, resulting in a blurred image. This effect is seen for multiple Al NWs in Figure 
A5(b) & (c). 
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Figure A5 | Dark field optical images of as grown Al NWs under various HF concentrations. (a) No 
HF applied. (b)-(d) Al NWs in areas with different HF:H2O = 1:200 (b), 1:100 (c) and 1:50 (d). Red arrows 
in (b)-(d) indicate Al NWs on substrate. 
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The role of HF solution is inferred to be the following: After baking in ambient 
conditions at 250 °C, a thin native oxide (Al2O3) layer is formed on the top surface of the 
Al film. Thus, the Al film is now sandwiched by the top Al2O3 layer and the bottom SiO2 
layer. Due to the high expansion coefficient of Al (27×10-6 K-1 at 250 °C) [159] relative 
to that of Al2O3 (7.7×10-6 K-1 at 250 °C) [160] and SiO2 (5.3×10-6 K-1 at 250 °C) [161], 
stress develops within the middle Al layer. Since the bottom surface is protected by solid 
bulk SiO2, weak points on the Al2O3 surface act as release points for the stress field in the 
Al film, to which Al metal migrates and extrudes out [146]. HF does not react with 
Al2O3, but will potentially react with metallic or organic impurities on the Al2O3 surface, 
opening up weak points on the Al2O3 surface for the highly stressed Al underneath. Al 
atoms then extrude through these weak points via stress-induced migration [146]. Al 
NWs subsequently form as Al extrudes through nano sized access ports, with cross-
sections that follow the shape of the port. Impurities on the Al2O3 surface may come from 
residual impurities on the glass substrate, perhaps due to inhomogeneous coverage of the 
thin Al film. 
 
AI.2 SPPs along Al nanowires with crescent-shaped cross sections 
To demonstrate the plasmonic nature of the extruded Al NWs, we characterized one with 
a crescent-shaped cross-section via dark field optical microscopy under linearly polarized 
white (halogen) light. The wires were transferred to a clean Si wafer by the pressing 
method. The polarization angle θ was defined in such a way that when θ = 0° (90°), 
electric field is perpendicular (parallel) to the length side of the wire. An SEM image of 
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this measured Al NW was shown in Figure A2(g). When tuning the polarization angle of 
the incident light, the color of the crescent-shaped Al NW changed from purple to orange, 
as shown in Figure A6(a). 2D full-wave simulations were done on an Al NW with this 
same cross-section, as shown in Figure A6(c). The simulation method is described in 
detail in Ref. [162]. The scattering spectrum was calculated by integrating the power flow 
density over a solid angle corresponding to the numerical aperture of 0.5 of the Olympus 
MPLN 50× lens used for the observation, with an incidence angle of 60°. The scattering 
spectrum of the Al NW was further averaged over the two situations of light incident 
from the left- and right-hand-sides of the NW, to account for the asymmetric property of 
the crescent-shaped Al NW. The obtained scattering spectra under tuned polarization are 
shown in Figure A6(b), and also converted into RGB colors using the CIE standard, and 
shown in circles next to the Al NWs with corresponding polarization angles in Figure 
A6(a). We see good agreement between the simulated and measured colors. The 
simulated electric field intensity profile of the crescent-shaped Al NW is shown in Figure 
A6(d) for TM polarized (θ = 0°), 695 nm incidence. Enhanced localized electric fields are 
seen at the craw tips of the crescent, leading to large absorption (and thus small scattering) 
cross-section. The dielectric constants of Al [163], Al2O3 [164], and Si [165] were taken 
from their bulk values in literature, respectively. The good match between the simulated 
spectra using bulk Al properties with the measured spectra further confirms the metallic 
property of these Al NWs. 
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Figure A6 | Dark-field analysis of a crescent-shaped Al NW. (a) Dark-field optical images of a 75 µm-
long crescent-shaped Al NW with cross-section shown in (c) under incidence with tuned polarization. (b) 
Simulated dark-field scattering spectra of the Al NW with the same cross-section with (a). Circles to the 
right of each Al NW image in (a) are RGB colors converted by the simulated spectra in (b) via the CIE 
standard. (c) Schematic cross-section of the crescent-shape Al NW shown in (a), with rc = 100 nm and ro = 
235 nm, covered by 5 nm native oxide (Al2O3) layer. Incident field is indicated by black arrows for θ = 0° 
case. Red layer on the bottom indicates the Si substrate. (d) Simulated electric field intensity for crescent-
shaped Al NW, under incident condition shown in (c).  
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The conversion from spectrum to RGB color via CIE standard is described in the 
following. The obtained scattering spectra (shown in Figure A6(b)) are convoluted by 
three standard color-matching functions ̅ݔ, ݕത, and ݖ̅, to yield three corresponding standard 
primaries X, Y, and Z [166], using the following formulae [167]:  
ܺ ൌ ܣ׬ܵሺߣሻ̅ݔሺߣሻdߣ, (A1-1) 
ܻ ൌ ܣ׬ܵሺߣሻݕതሺߣሻdߣ, (A1-2) 
ܼ ൌ ܣ׬ܵሺߣሻݖ̅ሺߣሻdߣ, (A1-3) 
where A is a normalization constant, λ is the wavelength, S(λ) is the scattering power 
spectra. The three color-matching functions are plotted in Figure A7.  
 
The obtained XYZ data are further transformed to RGB data using the following matrix 
[168]: 
൥
ܴ
ܩ
ܤ
൩ ൌ ൥
3.240479 െ1.537150 െ0.498535
െ0.969256 1.875992 0.041556
0.055648 െ0.204043 1.057311
൩ ൈ ൥
ܺ
ܻ
ܼ
൩. (A2) 
Using the simulated scattering spectra shown in Figure A6(b), the obtained RGB values 
following Equations A1 and A2 are within the range of [0,1]. The normalization constant 
A in Equations A1 is chosen such that the biggest of the obtained R, G, B values is 
normalized to 1. 
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Figure A7 | Color-matching functions from the CIE standard. 
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AI.3 Conclusions and future directions 
We note that, at the present stage, we do not have an effective mechanism to control the 
shape of such Al NWs. Within all the cross-sections shown in this letter, the crescent, 
circle, and tube shapes are the most commonly observed. Other, more exotic shapes are 
also found, for example, double or multiple trenches along a cylinder. We infer that the 
shapes of the Al NWs are determined by the shapes of the impurities on the SiO2 
substrate (and/or access ports on the Al2O3 surface). Also, the surface condition of the 
glass wafers is crucial for the formation of Al NWs. We see no Al NW growth on glass 
wafers cleaned by Ar plasma (2 min at 10 W and 0.4 Pa) in the sputtering system before 
depositing Al. This further implies that impurities on the glass substrates are crucial for 
the growth of the Al NWs. Finally, the working temperature is found to be within a 20 °C 
window around 250 °C, outside of which leads to Al island formation. 
In conclusion, we have shown a convenient and rapid stress-induced growth process of 
Al NWs, controlled largely by the concentration of applied hydrofluoric acid. Multiple 
characterizations (including SEM, TEM, 4-probe resistivity, and dark-field optical 
images) have shown that the grown Al NWs are polycrystalline fcc Al structures with 
ultrasmooth surfaces, (i.e. surface roughness less than 5 nm from SEM imaging), with 
many possible cross-section geometries, making them novel candidates for Al plasmonic 
investigations and applications. Although more work is needed to understand the NW 
preparation process, our results may be of interest in the fabrication and application of 
unconventional, nearly-one dimensional Al nanostructures. 
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Appendix II. Fabrication of nanocoax via focused ion 
beam 
During my Ph.D. work in the Naughton Lab, I also expended effort to fabricate free 
standing nano-sized coaxial cables (nanocoax) for broadband visible waveguiding. I have 
also tried to make converging arrays of free standing nanocoaxes to achieve a device that 
have the potential of breaking the diffraction resolution limit of light. We call such a 
converging device the NanoCoax Optical Microscope (NCOM). The nanocoaxes 
fabricated via a method based on focused ion beam (FIB) (as detailed in the following), 
however, have quite high losses for visible light, partly due to the rough surfaces of the 
FIB-deposited carbon nanopillars, and partly due to the high metal (carbon and Pt) losses 
in the visible range. On the one hand, the propagation length of light coupled into the 
nanocoax is estimated to be less than 20 µm. On the other hand, the coupling efficiency 
of the free photons into the nanocoax without an impedance-matching antenna is also 
very low. More work needs to be done to make the nanocoax and NCOM idea practical. 
Nevertheless, the FIB-based fabrication process of the nanocoax could be instructive for 
future research. It is the purpose of this appendix section to describe in detail the FIB-
based fabrication process of the nanocoaxes and NCOM. 
Figure A8 shows schematics of the FIB based fabrication procedure of a nanocoax. An 
optically thick Ag layer is first deposited onto a cleaned glass substrate to block direct 
light transmission. Before carbon nanopillar deposition, a window is opened by gallium 
beam milling in the FIB on the Ag coated glass substrate, to allow local light access  
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Figure A8 | Schematics of the FIB based fabrication process of a single nanocoax. (a) A window is 
milled open on a metal (Ag) coated glass wafer. (b) A carbon nanopillar is deposited in the window on 
glass by FIB. (c) A layer of Al2O3 and a layer of metal (Pt) is coated on the whole structure by atomic layer 
deposition. (d) The nanocoax is decapitated by FIB on the top end to allow light access. Color legend is 
shown in (a). 
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(Figure A8(a)). Subsequently, a carbon nanopillar is deposited onto the open window by 
gallium focused ion beam-induced deposition from the carbon-based precursor 
phenanthrene. The smallest diameter of the obtained carbon nanopillar was 120 nm, using 
Beam size #11 of the gallium beam. The height of the nanopillar can reach 10 µm. After 
the carbon nanopillar deposition, the whole sample is put into the atomic layer deposition 
(ALD) chamber for Al2O3 and Pt deposition. The ALD process is chosen for the uniform 
coating of Al2O3 and Pt around the carbon nanopillar, to form a nanocoax. The typical 
thickness of Al2O3 and Pt is between 50 to 100 nm. After the ALD deposition, an 
additional metal layer (e.g., Ag or Al) is usually sputter-coated on the whole sample to 
prevent direct light transmission through the sample. Thus, the nanocoax is formed by a 
carbon core, a Al2O3 dielectric layer, and a Pt outer cell. Finally, the nanocoax is 
decapitated in a horizontal direction by the gallium beam in FIB to give light access of 
the top end.  
The top view SEM image of a decapitated nanocoax is shown in Figure A9. We can 
clearly see the formation of a nanocoax between the carbon core and the outer Pt layer. 
The decapitated nanocoaxes will allow light transmission under bottom white light 
illumination, as shown in Figure A10. The decapitated nanocoax shown in Figure A10 is 
between 1 to 2 µm long. 
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Figure A9 | Top view SEM image of a decapitated nanocoax. Materials by different labels: rc: carbon; t1: 
Al2O3; t2: Pt; t3: Al. Thickness of different layers: rc = 75 nm; t1 = 152 nm; t2 = 51 nm; t3 = 250 nm. 
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Figure A10 | SEM and optical image of an arrays of nanocoaxes. (a) Top view SEM images of 
nanocoaxes, with the upper left and part of the upper right ones decapitated. (b) Transmission optical image 
of the same area as (a), under bottom white light illumination. Field-of-views are the same for the two 
images. Red dashed boxes indicate the same regions in the two images. 
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Based on the above straight nanocoaxes, I have also made variations such as adding 
antennas at the open ends of the nanocoaxes, and making converging arrays of them. 
Figure A11 shows several examples of the nano antennas fabricated at the open ends of 
the nanocoaxes. The fabrication process of these nano antennas is described in the 
following. A decapitated nanocoax is first fabricated via the previously mentioned 
procedures. For the center straight type nano antenna, a carbon nanopillar with desired 
height (less than 0.5 µm) is grown by FIB at the center of the decapitated nanocoax. Two 
caveats should be mentioned here, the first one being that the exact position of a FIB 
induced growth carbon nanopillar will shift from time to time depending on the 
conditions of the gallium ion beam and the carbon precursor. As a result, it often turns 
out that the grown carbon nanopillar does not coincide with the center of the decapitated 
nanocoax, leading to the failure of the device. The second caveat is that after the carbon 
nanopillar deposition at the center (if we are lucky enough), the originally exposed Al2O3 
layer will be covered by a layer of carbon, leading to much higher optical loss. One way 
to solve this is to do a concentric circular milling of the carbon atoms on the Al2O3 area 
by gallium beam in the FIB. This, however, will lead to implantation of gallium atoms 
that inevitably lead to more optical loss.   
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Figure A11 | SEM images of nano antennas fabricated on the open ends of nanocoaxes. (a) & (b) SEM 
images of a straight nano antenna fabricated on a decapitated nanocoax. (c) Multiple nano antenna grown 
on a decapitated nanocoax. (d) Analog of λ/4 nano antennas fabricated on two decapitated nanocoaxes. (b) 
& (d) are false-colored to indicate the coaxial nature of the nanocoaxes. 
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Figure A12 | FIB based fabrication of converging arrays of nanocoaxes. Two (a), three (b), four (c) 
converging carbon nanopillars deposited by FIB. (d) Schematic of a converging array of four nanocoaxes. 
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Finally, I have also tried to fabricate converging arrays of nanocoaxes based the above 
FIB process. As shown in Figure A12, I have fabricated converging arrays of two, three 
and four carbon nanopillars via FIB. The detailed procedure goes as following: I first tilt 
the substrate such that the incident gallium beam and the substrate plane form an angle of 
45°. Then I deposit one carbon nanopillar at certain position to form a tilted nanopillar. 
Then, I rotate the substrate 180° along its own plane, and select a position close to the 
first carbon nanopillar to deposit the second 45° tilted carbon nanopillar. The result is the 
converging two carbon nanopillars shown in Figure A12(a). For the converging array of 
three carbon nanopillars, I need to do 120° rotations of the substrate. The converging 
array of four carbon nanopillars are made of two converging array of two carbon 
nanopillars with a 90° angle. Once the tilted carbon nanopillars are grown, the following 
process of making them nanocoaxes are the same as described before. Note that due to 
the occasional drifting of the deposition location of the carbon nanopillars, the process of 
making converging arrays of carbon nanopillars via FIB is highly non trivial. Although 
without optimized optical properties, the fabrication methods of making complex 3D 
nanostructures discussed in this section could be useful for other purposes, such as 
nanomechanics.  
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